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Mesophase pitch-based carbon fibers are known for their excellent thermal and 
electrical conductivity, high tensile modulus, moderate tensile strength, but poor 
compressive strength. This collection of properties results from the texture and crystalline 
structure (together known as microstructure) of the fibers. Fiber microstructure, in turn, 
develops during processing due to the discotic nature of the mesophase pitch precursor. 
In prior studies, such important parameters as the size and shape of capillaries in the 
spinneret, spinning temperature and carbonization temperature have been varied to 
produce fibers with different microstructures and properties. In this dissertation, the 
primary research goal was to investigate how the microstructure and resulting transport 
properties of carbon fibers would be influenced by the incorporation of short aspect ratio 
multiwalled carbon nanotubes (MWCNTs) or, as a low-cost alternative, carbon black 
(CB) at ultra-dilute concentrations. Thus, MWCNTs and CB were dispersed into the 
mesophase pitch precursor at only 0.3 wt%. At this extremely low concentration, rather 
than acting as traditional fillers, these nanomodifiers served as surface-anchoring agents, 
which led to changes in the microstructure of the precursor and resulting carbon fibers. 
These microstructural modifications then impacted fiber and composite properties.    
In the first part of this study, the effect of nanomodification on fiber 
microstructure was evaluated. Using light and scanning electron microscopy, it was 
observed that the cross-section of unmodified (0 wt%) fibers had a well-defined radial 
texture, with minimal folding of the graphitic layers (average pleat length ~40 nm), 
especially for the large fraction (~83%) of fibers that exhibited “pac-man” type splitting. 
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The cross-section of fibers modified with CB had a line-centered texture that exhibited 
increased folding of the graphitic planes (average pleat length ~30 nm) toward the outer 
surface of the fiber, resulting in ~45% of CB-modified fibers displaying “pac-man” 
splitting. Fibers modified with MWCNTs were found to have a largely random cross-
sectional texture with significant folding of the graphitic planes (average pleat length ~30 
nm) across the entire surface, and only ~3% of MWCNT-modified fibers showed “pac-
man” splitting. Finally, via x-ray diffraction, it was determined that nanomodification had 
no adverse impact on crystallite size (Lc ~40 nm and La ~80 nm), orientation (FWHM 
~2°), or graphitic perfection (d002 ~0.338 nm). This indicates that nanomodification could 
be a possible route for producing highly graphitic fibers, which are mechanically 
toughened by increased folding of the graphitic pleats.  
The second major component of this work focused on quantifying the density, 
electrical resistivity, thermal conductivity and mechanical properties of individual carbon 
fibers (i.e., single filaments). Using a set of calibrated cesium formate aqueous solutions, 
fiber densities were accurately measured to be 2.20 ≤ ρ0wt% < 2.25 g/cm
3
, 2.15 ≤ ρMWCNT 
≤ 2.20 g/cm
3
, ρCB = 2.20 g/cm
3
. Thus, it was determined that external incorporation of 
nanomodifiers led to a small increase in percent void volume (~2%). This is consistent 
with a majority of literature studies that repeatedly show the undesired introduction of 
such voids with the incorporation of nanomodifiers. The single-filament electrical 
resistivity of the MWCNT-modified fibers (2.75±0.13 μΩ∙m) was not found to be 
significantly different (at a 95% confidence level) from the 0 wt% control (2.52±0.11 
μΩ∙m); the CB-modified fibers only showed a slight increase in electrical resistivity 
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(2.75±0.10 μΩ∙m). Similarly, fiber thermal conductivity (~550 W/m∙K) predicted from 
electrical resistivity values using the Issi-Lavin correlation showed no notable reduction 
as a result of nanomodification. Both nanomodified fibers showed a decrease in tensile 
strength (0 wt%: 1.71±0.21 GPa, MWCNT: 1.12±0.11 GPa and CB: 1.23±0.14 GPa) and 
modulus (0 wt%: 583±26 GPa, MWCNT: 520±26 GPa and CB: 527±30 GPa). 
Additionally, although a precise compressive strength for MWCNT- and CB-modified 
fibers could not be obtained (a result of limitations of the current tensile recoil testing 
method), all experimental fibers were determined to have a compressive strength of at 
least ~1 GPa. This is an improvement over previous studies. More notably, the difference 
in fiber structure achieved through nanomodification resulted in fibers with a better 
balance of compressive-to-tensile strength (σC/σT → 1), which is not observed for most 
highly conductivity conventional pitch-based carbon fibers. Another novel result from the 
present study is that the low-cost CB modifier was able to achieve similar changes in 
microstructure and properties as MWCNTs.  
In the final phase of this study, using both experimentation and finite element 
modeling, a method was developed to measure the bulk thermal conductivity of carbon 
fibers and their unidirectional composites. When applied to experimental fibers, no 
statistically significant difference in thermal conductivity was observed between 
MWCNT-modified (468±127 W/m∙K) and 0 wt% (514±179 W/m∙K) fibers. 
Additionally, these thermal properties were consistent with those predicted from single-
filament electrical resistivity values (0 wt%: 569±18 W/m∙K, MWCNT: 533±20 W/m∙K). 
Thus, these types of composites could be useful as thermal management materials.  
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1.1 Carbon Fiber Background 
Since their inception as incandescent light bulb filaments in 1879 [Gross, 2007], 
carbon fibers have experienced very significant improvements in their properties and a 
massive increase in usage in a variety of applications. As of 2012, the annual production 
of carbon fibers was approximately 65,800 metric tons [Sloan, 2013], the majority of 
which went to feed the nearly $18.4 billion carbon fiber composites industry [Carbon 
Fiber Market & Carbon Fiber Reinforced Plastics (CFRP) Market by Type, Fiber Size 
and Region, 2014]. This amount is only expected to increase in the next decade 
[McConnell, 2008; Sloan, 2013]. These composites find application in a wide range of 
areas, including automotive, sporting goods, energy storage and production, electronics, 
as well as the traditional high performance aerospace field. The diverse utilization of 
these fibers is a testament to the unique tailorability of carbon materials.  
 Carbon fibers, in general, are valued for their low density (light weight), ability to 
operate at extreme temperatures and low coefficient of thermal expansion. However, 
properties such as strength, stiffness, electrical resistivity and thermal conductivity are 
directly controlled by fiber microstructure, which in turn develops during production both 
as a function of processing conditions and precursor composition.  
The three precursors currently in use for the production of carbon fibers are 
polyacrylonitrile (PAN), rayon and mesophase pitch. Originally all carbon fibers were 
produced via the heat treatment of rayon fibers. However, these fibers suffered from a 
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low carbon yield (<40%) and were mechanically weak, the latter being a result of the 
significant number of voids within the fiber. Thus, with the development of PAN-based 
carbon fibers the use of rayon-based carbon fibers became limited (~1% of the market 
share) to ablative and thermal protection applications, such as rocket nozzles and nose 
cones [Wu and Pan, 2002; Akato, 2012]. The latest research in rayon-based fibers has 
explored the development of more environmentally friendly processes for producing the 
rayon precursor, such as the Lyocell process [Rosenau et al., 2003]. Increasing the 
turbostratic graphitic content and improving mechanical properties of rayon-based carbon 
fibers has also been of interest [Wu and Pan, 2002; Akato, 2012].      
PAN-based carbon fibers are by far the most widely used of the three types and 
hold ~90% of the major market share. These fibers are known for their high tensile 
strength (a product of their turbostratic microstructure) and, therefore, are primarily used 
in structural applications where weight reduction is important [Buckley and Edie, 1992; 
Edie, 1998]. Much of the current research in this area has focused either on lowering 
production costs while retaining fiber properties or on increasing fiber strength at current 
costs.  
Mesophase pitch-based carbon fibers make up the second largest market share, at 
slightly less than 10% [Buckley and Edie, 1992]. The high thermal and electrical 
conductivity of these fibers makes them ideal for such applications as thermal 
management and EMI shielding for electronic devices [Hung and Miller 1987; Whatley, 
2005; Guo and Yi, 2013], heat-transfer media in energy generation systems [Corwin, 
2005], thermal radiators for satellites [Tredway et al., 1992; Traceski, 1999], as well as 
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deicing systems and lightning strike protection for aircraft [Hung and Miller, 1987; 
Feraboli and Miller, 2009; Kawakami and Feraboli, 2011]. However, the brittle nature of 
mesophase pitch-based carbon fibers can make them difficult to handle and weave. With 
the rising world demand for energy, an increasing need for computing power, and the 
general prevalence of electronic equipment of all kinds, the value of these types of fibers 
is obvious, especially if their mechanical properties can be improved without sacrificing 
their superior thermal and electrical properties. Hence that is the focus of the research 
presented in this dissertation.  
 
1.2 Mesophase Pitch Precursors 
The high thermal and electrical conductivity of mesophase pitch-based carbon 
fibers is directly related to their high degree of graphitic crystallinity. The graphitic 
nature of these fibers develops during processing largely as a result of the high 
temperatures used during carbonization and the unique molecular structure of the 
precursor material. A nematic liquid crystal, mesophase pitch is made up of a mixture of 
highly aromatic disk-shaped molecules whose orientation can be controlled by an applied 
shear stress, such as that encountered in a spinning capillary [McHugh, 1994; Edie, 1998; 
Cato, 2002; Kundu, 2006], or by the nature of the surface to which it is anchored [Jian et 
al., 2003; Jian et al., 2005]. The average molecular weight of a mesophase pitch molecule 
can range from ~600 to 2000 Da, with composition, molecular structure and molecular 
size distributions often depending on the feedstock and manner in which it was processed 
[Hurt and Hu, 1999; Herod et al., 2000; Edwards et al., 2003; Burgess et al., 2010; 
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Esguerra et al., 2014]. These characteristics of the mesophase pitch precursors impact 
their rheology and overall spinnability, which in turn dictate the structure and properties 
(mechanical, electrical, thermal, etc.) of the resulting fibers [Endo, 1988; Robinson and 
Edie, 1996; Edie, 1998]. 
 
1.2.1 Sources of Mesophase Pitch 
 Mesophase pitch can be produced from naturally occurring petroleum or coal tar 
pitches. Alternatively, synthetic mesophase pitch has been polymerized from small, 
aromatic molecules. A byproduct of crude oil refineries, petroleum pitches are relatively 
inexpensive, largely isotropic and contain a wide range of molecules. The higher-density 
mesophase will begin to precipitate from the isotropic phase when enough of these large, 
disk-like aromatic molecules are present in the material [Brooks and Taylor, 1965]. This 
is achieved either by the removal of lower molecular weight species via solvent 
extraction [Chwastiak and Lewis, 1978; Diefendorf and Riggs, 1980] and/or 
polymerization of smaller molecules with each other to form larger molecules in a 
process called heat soaking [Lewis, 1977; Singer 1977]. A third promising option is 
supercritical fluid extraction, where the solubility of the pitch is controlled by the 
temperature and pressure of a solvent in the supercritical phase. This last technique is 
generally capable of producing a mesophase that is cleaner and has a tighter molecular 
weight distribution, as the mesophase fraction can be extracted from the feedstock, 
leaving behind any contaminating metals, unlike traditional solvent extraction 
[Hutchenson et al., 1991; Edwards and Thies, 2004]. 
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 Relative to petroleum-derived mesophase, the molecular structure of coal-tar-
based mesophase pitch is slightly different. Generally speaking, coal-tar pitch tends to 
have a greater degree of aromatic bonding, while that from petroleum has a larger 
number of aliphatic connections and side groups [Edie, 1998]. As such, coal-tar pitch 
tends to be less soluble in solvents commonly used for extraction (such as THF, toluene, 
benzene, etc.), has a higher softening point and a greater carbon content [Herod et al., 
2000; Petrova et al., 2005]. Thus, the spinning of fibers from this material can be more 
difficult, but the resulting product has a higher density.   
 Synthetic mesophase has been produced through the polymerization of aromatic 
molecules, such as anthracene, naphthalene and methylnaphthalene, with a HF/BF3 
catalyst [Mochida et al., 1990; Korai et al., 1991; Mochida et al., 1992]. The high purity 
of the starting material results in a mesophase that has a desirably lower softening point 
(260 to 280°C), tighter molecular weight distribution and is much cleaner than that 
derived from petroleum or coal tar. Owing to the expensive equipment needed to handle 
the corrosive catalyst (a mixture of HF/BF3), synthetic mesophase is more expensive than 
that purified from petroleum sources, but displays consistent and superior fiber 
spinnability. 
 
1.2.2 Rheology of Mesophase Pitch 
 The manner in which mesophase pitch flows through a spinning capillary, and in 
particular the stresses it experiences during that journey, strongly impact the 
microstructure and therefore properties of the resulting fibers. Hence, an understanding of 
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the rheology of this material is extremely important to fiber production. Therefore, it is 
not surprising that a significant number of experimental and modeling studies have been 
conducted in this area [McHugh, 1994; Cato, 2002; Yan and Rey, 2002; Kundu, 2006]. 
  As it is not truly crystalline, mesophase pitch does not technically have a melting 
point, but rather a softening point above which the material begins to flow. In general, a 
lower molecular weight and the presence of aliphatic side groups tend to lower the 
softening point of mesophase pitch. A lower softening point makes a pitch easier to spin 
by decreasing the effects of thermal degradation. However, if the molecules are too small 
or aliphatic groups too dominant, the pitch will be essentially isotropic [Thies, 2014; 
Esguerra et al., 2014].  
 Molten mesophase pitch is shear thinning at low shear rates (~0.1 to 10 s
-1
), but 
becomes nearly Newtonian at higher shear rates (~100 to 1000 s
-1
) [McHugh, 1994; Cato, 
2002; Kundu, 2006]. The mesophase pitch used for the experimental work presented in 
this dissertation (ARHP grade produce by Mitsubishi Gas Chemical) begins the transition 
from shear thinning to Newtonian behavior at ~3 s
-1
. Newtonian behavior for this type of 
mesophase pitch is well established in the range from 200 to 10,000 s
-1
, as thoroughly 
researched by Kundu [2006]. The shear in a cylindrical spinning capillary ranges from 
near 0 s
-1
 at the center line to ~1000 s
-1
 at the capillary wall.  
 Additionally, the viscosity of mesophase pitch is highly temperature dependent, 
particularly compared to commonly melt-spun polymers. Mesophase pitches with tighter 
molecular weight distributions, such as those produced synthetically, exhibit the strongest 
temperature dependence [McHugh, 1994]. As shown by Kundu [2006], ARHP grade 
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mesophase pitch experiences nearly a tenfold decrease in viscosity with a temperature 
rise of just ~30 
o
C.  
 This intense sensitivity of viscosity to temperature change impacts the 
spinnability of the mesophase pitch in two ways. First, any change in viscosity within the 
spinning capillary affects the shear stress applied on the material by the capillary wall. As 
will be discussed shortly, this can have consequences for how the mesophase molecules 
orient within the capillary and further on the structure of the resulting fibers [Gallego and 
Edie, 2001]. Second, the temperature range over which a mesophase pitch goes from 
being molten to solid-like also impacts the degree to which the fibers can be drawn after 
passing through the spinneret. Unlike polymer fibers, mesophase pitch fibers can only be 
drawn in the molten state. Although the extensional rheology of mesophase pitch is not 
well understood, it is known that extensional stresses do contribute to mesophase 
alignment, but not to the degree shear stresses within the spinning capillary do.  
Furthermore, a decrease in the draw-down ratio leads to larger mesophase fibers. 
Larger fibers increase the total time required for oxidative stabilization (t ~ L
2
). A slower 
temperature ramp is also necessary to prevent the formation of a core and sheath 
structure. Additionally, the properties of the final carbon fiber are known to be a function 
of diameter [Lu et al., 2002]. Thus, careful process control is required to produce fibers 
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1.2.3 Rheology of Nanomodified Mesophase Pitch Suspensions 
 The rheology of mesophase pitch that contains nanoscale particles has been 
studied only to a limited degree [Cho, 2003]. However, it is generally known that the 
viscosity of molten polymeric materials increases with the addition of fillers. 
Additionally, for liquid crystalline materials, such as mesophase pitch, the development 
of structure in the fluid during processing can also have a large impact on their 
rheological properties [Kundu, 2006; Cato, 2002]. Therefore, one might expect that the 
addition of a nanomodifier, even at low concentrations, to a mesophase pitch could 
disrupt the structure of the fluid and thereby change its flow characteristics.  
Cho [2003] studied the rheology of ARHP grade mesophase pitch containing 0.1 
wt% carpet-type carbon nanotubes over a range of shear rates (0.1 to ~1000 s
-1
) and 
found that the nanomodified pitch exhibited little to no difference in viscosity, as 
compared to the pure material. On the other hand, when the same material was actually 
used to produce fibers Cho [2003] found that the addition of 0.1 wt% carbon nanotubes to 
the mesophase pitch precursor resulted in a material that was far more difficult to spin, as 
quantified by the significant decrease in fiber yield (from 60% to 20%.) This suggests the 
presence of the nanofiller altered the manner by which the disk-like mesophase pitch 
molecules flowed through the spinneret. The difference in the ultimate structure of pure 
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1.3 Mesophase Pitch-Based Carbon Fibers 
1.3.1 Processing 
The production of mesophase pitch-based carbon fibers is a multi-step process 
that begins with the melt spinning of bulk mesophase pellets into fibers, as shown in 
Figure 1.1. Melt spinning is usually performed at ~30
o
C above the measured softening 
point of the mesophase pitch. As previously discussed, it is during this step that the 
orientation and texture of the final fiber is largely imparted [Hamada et al., 1988; 
Mochida et al, 1996]. Hence it is not surprising that a number of methods to modify and 
control fiber microstructure have focused on the design of the spinning setup and 
variation of the processes control parameters [Hamada et al., 1988; Matsumoto et al., 
1993; Robinson and Edie, 1996; Fathollahi et al., 1997; Gallego and Edie, 2001]. In the 
as-spun stage, mesophase pitch fibers are exceptionally weak and brittle [Edie and 
Dunham, 1989]. 
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Figure 1.1: Schematic of the process used to produce mesophase pitch-based carbon 
fibers. This diagram is based on those presented by Edie and Dunham [1989] and Jeon et 
al. [2013].  
  
Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 11 
 To lock in structure and render them intractable, mesophase fibers are cross-
linked with oxygen. A series of proposed reactions for this process were presented by 
Drbohlav and Stevenson [1995]. This process is generally performed in air at elevated 
temperatures (between 200 to 400°C [Jeon et al., 2013]), but below that of the fiber 
softening point. Although the initial rate of the stabilization reaction increases with 
increasing temperature, higher oxidation temperatures often result in an unstabilized fiber 
core and lower overall oxygen uptake. Conversely, a lower oxidation temperature results 
in a more even oxygen concentration profile and a higher overall oxygen uptake, which 
in turn produces a higher-quality carbon fiber [Blanco et al., 2003; Matsumoto and 
Mochida, 1993]. Pure oxygen and ozone have been used in experimental setups to 
shorten the amount of time required for oxidative cross-linking, but both these gases 
present significant safety hazards, especially in the volume required for a full-scale 
process [Singer and Mitchell, 1997].  
 During carbonization, fibers are heat-treated in an inert atmosphere, usually either 
argon or helium, to drive off all atoms that aren’t carbon. In synthetic pitches this is just 
oxygen and hydrogen in the form of CO, CO2, H2 and CH4. Petroleum and coal tar based 
mesophase pitches contain sulfur and nitrogen which are removed during carbonization 
as H2S or HCN. As the heat-treatment temperature increases and only carbon remains, 
mesophase domains evolve into crystalline structures that can approach those of graphite 
crystals. Carbonization takes places between 900 and 1800°C, while graphitization is 
usually performed between 2000 and 3200°C [Jeon et al., 2013].  
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After heat treatment, sizing is often applied to fibers in order to improve the 
ability of matrix materials to wet their surfaces. This allows much stronger bonds to form 
between the fibers and matrix, producing composites with better properties. 
 
1.3.2 Structure 
 The structure of a carbon fiber, which results from the selection of a given 
precursor and how it is processed, is described by its crystallographic structure, as well 
as, by its overall texture (together referred to as microstructure). Important 
crystallographic parameters are average crystallite size, degree of graphitic perfection of 
those crystallites and average orientation of those crystallites relative to the fiber axis. 
Texture normally refers to the overall appearance of the fiber cross section and can be 
quantified by pleat length and orientation [Cho, 2003].  
 In order to understand the crystalline structure of carbon fibers it is instructive to 
first consider the case of a perfect graphite crystal, as shown in Figure 1.2. The crystal is 
composed of layers of sp
2
 bonded carbon atoms that exhibit A-B-A-B stacking. The 
distance between one plane and the next, the d002-spacing, is 3.354 Å for perfect graphite. 
The distance over which planes are orderly stacked is the graphene stacking height (Lc), 
while distance along the plane is the in-plane crystal size (La.)  
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Figure 1.2: Through-plane and in-plane views of a graphite crystal.  
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The formation of perfect graphite crystals in a carbon fiber has yet to be achieved, 
although some mesophase-pitch based carbon fibers made from pure feedstock and heat 
treated to high temperatures have approached it. As the degree of graphitic perfection 
decreases, the d002-spacing increases (i.e. the graphene layers move further apart). The 
upper limit is a d002-spacing of 3.440 Å, which corresponds to turbostratic graphite. In 
addition, a lower graphitic content also results in a reduction in the three dimensional 
crystallinity. In other words, the planes of bonded carbon atoms become transversely off 
set from the A-B-A-B stacking arrangement. Further, both the graphene stacking height 
and the in-plane crystallite size decrease with decreasing graphitic structure, as does the 
average orientation of crystallites relative to the fiber axis. 
The most common technique for measuring the crystallographic parameters of 
carbon fibers, either as single filaments, fiber bundles, or fiber powder, is wide angle x-
ray diffraction (WAXD). The d002-spacing is determined from the position of the (002) 
diffraction peak using Bragg’s Law, and Lc from the breadth of the same peak, less 
instrument broadening, using the Scherrer Equation. Similarly, the in-plane crystallite 
size has been quantified using either the breadth of the (100) peak (La,(100)) or that of the 
(110) peak (La,(110)), less instrument broadening. Three dimensional crystallinity is often 
identified by the presences of the (112) diffraction plane. Average crystallite orientation 
can only be measured from a single fiber or fiber bundle, and is normally quantified as 
the full width at half maximum of the azimuthal scan of the (002) peak. Analysis of 
graphitic materials by x-ray diffraction is discussed in detail by Li et al. [2007] and 
Iwashita et al. [2004].   
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Using principles similar to WAXD, selected area electron diffraction (SAED) can 
provide sub-micrometer scale resolution, allowing for such things as the determination of 
d002, Lc and La as function of radial position. However, sample preparation for this 
technique is far more rigorous and can result in artifacts if not done properly. Robinson 
[1995] provides a detailed discussion of the use of SAED to analyze pitch-based carbon 
fiber and the difficulties of doing so. 
 Alternatively, Raman spectroscopy has also been employed to probe the structure 
of carbon materials [Heremans et al., 1985; Pelletier, 1999]. In particular, the ratio of the 
intensity of the D peak to the G peak has been correlated to the inverse of La for various 
carbon materials using different wavelength lasers. When paired with a microscope, 
Raman probes are capable of ~1 μm resolution, allowing for exploration of fiber structure 
as a function of radial position or along the length of the fiber. Again, the care with which 
samples are prepared can have a large impact on the quality of the data collected, 
particularly how well samples are polished.   
 The texture of mesophase pitch-based carbon fibers is often categorized 
qualitatively via cross polarized light microscopy [Huang and Young, 1994; McHugh 
1994; Kundu S, 2006] or SEM imaging [Endo M, 1988; Huang and Young 1994; 
Robison KE, 1995; Cho T et al., 2003]. The cross sectional appearances of some typical 
fibers are summarized in Figure 1.3. Additionally, methods have also been developed to 
quantify these features. Using SEM, Cho [2003] captured high resolution images of fiber 
cross sections. Image analysis was then applied to quantify the size of graphitic pleats, as 
well as their orientation relative to their angular position in the fiber cross section.  Endo 
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[1988] imaged fibers in the transverse direction using dark-field TEM of the (002) 
crystallographic plane. The bright line patterns that appeared were then used as a measure 
of how much folding was exhibited by the graphitic planes in the radial direction. 
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Figure 1.3: Example cross sectional textures found in mesophase pitch-based carbon 
fibers: (a) radial with “pac-man” split, (b) radial folded, (c) onion skin, (d) quasi-onion 
skin, (e) random, (f) line centered with ribbon shape, and (g) flat layer (also known as 
PanAm) [Buckley and Edie, 1992; Robinson, 1995; Morgan, 2005; Jeon et al., 2013]. 
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The strong relationship between the structure of mesophase pitch-based carbon 
fibers and their properties (mechanical, electrical, thermal and density) has been noted by 
many [Bennett, 1983; Issi et al., 1987; Endo, 1988; Dobb et al., 1990; Nysten et al., 1991; 
Hayes et al., 1993; Pennock et al., 1993; Huang and Young 1994; Edie, 1998; Lu et al., 
2002] , and as detailed in the previous sections, fiber structure results from the manner by 
which they are processed and the specific choice of the mesophase precursor [Hamada et 
al., 1988; Matsumoto et al., 1993; Robinson and Edie 1996; Fathollahi et al., 1997; 
Gallego et al., 2001, Mishra et al., 2005]. However, it is important to note these 
relationships are more general trends than specific rules. Hence, sufficient opportunity 
exists for tailoring of these fibers for specific applications, and indeed a significant 
amount of time and effort has gone into researching just that.  
 These previous observations of fiber structure-property relationships can be used 
as a useful starting point for further research. For example, it has been noted that 
increased axial electrical and thermal conductivity is strongly correlated to a larger in-
plane crystallite size, but only weakly related to an increase in crystallite orientation 
relative to the fiber axis (i.e. decreased FWHM, as measured by XRD) [Endo, 1988; 
Mochida et al., 1996; Edie 1998; Gallego and Edie, 2001; Lu et al., 2002; Blanco et al., 
2003]. Conversely, a higher tensile modulus has been shown to relate weakly to a larger 
in-plane crystallite size, but far more so to increased crystallite orientation relative to the 
fiber axis [Lu et al., 2002; Huang and Young, 1994; Edie, 1998; Endo, 1988].  
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 Tensile strength, on the other hand, has been shown to improve with increased 
folding of graphite sheets in the fiber cross section (Figures 1.3b exhibits increased 
folding relative to Figure 1.3a), as well as a decrease in the number of flaws (such as 
voids or other impurities) [Huang and Young 1994; Mochida et al., 1996; Wang et al., 
1998; Cho 2003; Ahn et al., 2006]. Furthermore, Lu et al. [2002] observed that as fiber 
diameter increased tensile strength decreased. They explained this phenomenon by 
relating it to the greater likely hood that a critical flaw would exist due to the larger cross 
sectional area. The toughening mechanism associated with increased folding of the 
graphite planes, also results in a greater strain-to-failure. As discussed by Endo [1988], 
this is thought to occur because increased folding of the graphitic planes allows for a 
larger number of smaller cracks to form thereby permitting the fiber to stretch, but these 
cracks are not of sufficient size that the entire fiber fractures.  
 Additionally, although features such as inter-crystalline disorder and crystallite 
size have been shown to impact compressive strength [Dobb et al., 1995], it is the overall 
texture that dictates a fiber’s ability to manage compressive stress. The sheet like 
structure of high modulus mesophase pitch-based carbon fibers makes them extremely 
vulnerable to crack propagation and fiber failure due to shearing of the graphitic planes. 
However, as with tensile failure, a decrease in pleat size and overall cross sectional 
orientation makes it more difficult for cracks to propagate, toughening the fiber against 
shear failure [Dobb et al., 1990; Hayes et al., 1993; Ahn et al., 2006].  
 Finally, the density, mechanical, thermal and electrical properties of mesophase 
pitch-based carbon fibers are compared to the two other types of carbon fibers (PAN and 
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rayon-based), as well as several other materials that have similar applications (Tables 1.1 
and 1.2). Relative to PAN-based carbon fibers, glass fibers and Kevlar fibers, mesophase 
pitch-based carbon fibers have a lower specific tensile strength, but significantly high 
thermal and electrical conductivity. Hence the first three fiber types are most commonly 
used in structural composites, where as mesophase pitch-based fibers are valued for their 
ability to transport thermal energy and in such electronics applications as EMI shielding.  
 While the highly graphitic mesophase pitch-based fibers are used to enhance heat 
transfer, those produced from rayon are employed to do the exact opposite. With their 
significantly lower thermal conductivity (approximately two orders of magnitude less 
than mesophase pitch-based fibers), rayon-based fibers have their niche in the area of 
high temperature thermal ablative insulation.  
 In comparison to such metals as copper, aluminum, steel and tungsten, 
unidirectional mesophase pitch-based carbon fiber/epoxy composites (in the fiber 
direction with vf~0.6) possess similar thermal conductivity values but have much better 
specific strength due to significantly lower density values. Although these metals are ~10 
to 100 more electrically conductivity than carbon fibers, their density is about 10 times 
greater. Hence, in structural applications where weight is an issue, carbon fibers may be a 
better choice. Finally, the tensile modulus of pitch-based carbon fibers and their 
composites is superior to all other materials listed in Table 1.1, making these composite 
an ideal material of construction when stiffness is critical. 
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Table 1.1: Representative density and mechanical properties of the three types of carbon 
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Table 1.2: Representative thermal and electrical properties of the three types of carbon 
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The development of carbon fibers with high thermal and electrical conductivity, 
increased compressive strength, along with a slightly reduced tensile modulus is highly 
desirable. This would allow for the easier production of composites for thermal 
management applications by enhancing the handling characteristics of the fibers. As 
evidenced by the studies referenced in the previous sections, carbon-fiber properties are 
related to their microstructure and further to precursor composition and its processing. 
Thus, by controlling both of these parameters, one should be able to produce the desired 
set of fiber properties. 
 Therefore, the objectives of the research presented in this dissertation were to  
(1) Determine how the addition of small quantities of short aspect ratio carbon nanotubes 
or carbon black (~0.3 wt%) to the mesophase pitch precursor affects the development of 
texture and crystalline structure in the resulting carbon fibers; 
 (2) Quantify the effect of nanomodification on the physical, mechanical and transport 
properties of single filaments of mesophase pitch-based carbon fibers; and  
(3) Develop and apply a method for experimentally measuring the thermal conductivity 
of mesophase pitch-based carbon fibers from composite samples, and conduct finite 
element analysis to explore the multi-dimensional heat flow patterns in these anisotropic 
composites. 
  The remainder of this dissertation is structured as follows: Chapter 2 discusses the 
materials and processes by which the nanomodified fibers were produced for the current 
research. The methods by which the fiber texture and crystalline structure were analyzed 
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are also explained. The microstructural data for each fiber type is then presented, and 
differences, as a result of nanomodification, are discussed for both oxidized and 
carbonized fibers. 
 Chapter 3 elucidates the methods by which single-filament density, electrical 
resistivity, thermal conductivity, tensile properties and compressive strength were 
measured.  The results are then provided, and the effects of nanomodification are 
discussed in relation to the microstructural results presented earlier in Chapter 2. 
 Chapter 4 begins with a discussion on the challenges and drawbacks of directly 
measuring carbon fiber thermal conductivity on single filaments or tows, especially 
mesophase pitch-based fibers that can possess extremely high thermal conductivities. 
Next, a new method for quantifying both fiber and composite thermal conductivity from 
unidirectional composites using laser flash analysis is described. This technique is 
verified by its application to composites produced from two different commercial grades  
of carbon fiber with known thermal conductivity values (high and low), and an improved 
data analysis method is determined. Composites containing experimental fibers are then 
analyzed using the LFA technique, and results are compared to single-filament thermal 
conductivity values correlated from single-filament electrical resistivity measurements 
presented earlier in Chapter 3. The chapter then discusses a finite element study of the 
heat flow through unidirectional composites during laser flash analysis. The effects of 
composite parameters, such as fiber volume fraction, fiber thermal conductivity and 
sample thickness, on heat-flow patterns within the sample are discussed. Finally, 
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conditions are identified that lead to the 1-dimensional heat flow assumption that the 
LFA technique is based on.      
 Chapter 5 summarizes the overall conclusions and significance of the work 
presented in Chapters 2 through 4. Additionally, suggestions for continued work are also 
provided.  
 It is noted that Chapters 2 and 4 are based on the author’s recently published 
articles available in the literature as 
Alway-Cooper, R.M.; Anderson, D.P.; Ogale, A.A. Carbon black modification of 
mesophase pitch-based carbon fibers. Carbon 2013, 59, 40-48. 
Alway-Cooper, R.M.; Theodore, M.; Anderson, D.P.; Ogale, A.A. Transient heat flow in 
unidirectional fiber-polymer composites during laser flash analysis: Experimental 
measurements and finite element modeling. Journal of Composite Materials 2013, 47 
(19), 2399-2411. 
Jeon, Y.-P.; Alway-Cooper, R.; Morales, M.; Ogale, A.A. Carbon Fibers. In Handbook of 
Advanced Ceramics: Materials, Applications, Processing and Properties, Somiya, S., 
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MICROSTRUCTURAL MODIFICATION OF MESOPHASE PITCH-BASED 
CARBON FIBERS VIA THE INTRODUCTION OF SHORT ASPECT RATIO 
MULTIWALLED CARBON NANOTUBES OR CARBON BLACK 
 
2.1 Introduction 
The high thermal conductivity, low density, and good thermal stability of 
mesophase pitch-based carbon fibers make them a superior choice for thermal 
management applications. Composites made from these fibers have use in radiators for 
satellites and other spacecraft [Tredway et al., 1992; Traceski, 1999], heat sinks for 
electronics [Lavin et al., 1993; Whatley, 2005], and as core material inside very high 
temperature reactors (VHTRs) for nuclear energy generation [Corwin, 2005]. However, 
the high tensile modulus and low compressive strength of pitch-based carbon fibers 
makes them difficult to handle and process, limiting their application.  
The thermal and mechanical properties of carbon fibers are primarily related to 
their texture and crystalline structure [Endo, 1988]. Major textural features include pleat 
length and orientations, as well as, textural patterns within the carbon fiber cross section. 
Crystallographic structure includes d-spacing, crystallite size and orientation. These 
structural parameters and properties are interdependent; with some being more strongly 
correlated than others. For example, as the in-plane crystallite size (La) of a carbon fiber 
increases so does its axial thermal conductivity [Issi et al., 1987; Nysten et al., 1991; Lu 
et al., 2002]. Tensile modulus is weakly related to La, but exhibits a strong, positive 
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correlation with crystallite orientation [Endo, 1988; Huang and Young, 1994; Lu et al., 
2002]. Fiber tensile strength is highly sensitive to flaws within the fiber [Bennett, 1983; 
Lu et al., 2002]. Additionally, it has been proposed that increased folding of graphitic 
pleats acts as a toughening mechanism that can lead to improved tensile strength [Endo, 
1988; Pennock et al., 1993]. Similarly, the compressive strength has been shown to be 
related to overall fiber texture [Dobb et al., 1990; Hayes et al., 1993]. 
 Several methods have been proposed in the literature for modifying fiber 
structure, including: process design [Hamada et al., 1988; Matsumoto et al., 1993; 
Robinson and Edie, 1996; Fathollahi et al., 1997], processing conditions (spinning 
temperature, draw down ratio, etc.) [Gallego et al., 2001] and chemical composition of 
the precursor [Robinson and Edie, 1996; Mishra et al., 2005]. In previous studies, it has 
been shown that the introduction of long aspect ratio multi-wall carbon nanotubes to a 
mesophase pitch precursor, in dilute concentrations, influences the resulting carbon fiber 
texture [Cho et al., 2003; Kim et al., 2007]. In one study, these structural changes led to 
an increase in the compressive-to-tensile strength ratio [Ahn et al., 2006]. In another, a 
decrease in electrical resistivity of the nanomodified carbon fibers was reported, but no 
significant change in mechanical properties was observed [Kim et al., 2007]. In this 
study, we investigate how shorter aspect ratio carbon nanomodifiers, added in a dilute 
concentration (0.3 wt%), affect carbon fiber texture and crystallographic structure. Short 
aspect ratio multi-walled carbon nanotubes (MWCNT) were chosen for their intermediate 
aspect ratio (~30), whereas carbon black (CB) was selected as a nanomodifier with an 
aspect ratio close to unity and as a potential low-cost alternative (to MWCNTs). The 
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specific objectives of this study were to: (i) produce carbon fibers from nanomodified 
mesophase pitches (one containing MWCNT and the other CB at ultra dilute 
concentration of ~0.3 wt%), using the standard processing techniques of melt mixing, 
melt spinning, oxidation and carbonization; (ii) determine the evolution of microstructure 
by observing the cross section and longitudinal orientation of fibers at the intermediate, 
oxidized stage; (iii) analyze the effect of nanomodification on the texture and crystalline 
microstructure of carbon fibers, including the orientation of graphitic crystallites 
(FWHM), their size (Lc and La), and degree of graphitic perfection (d002 and development 




All fibers were produced using ARHP grade mesophase pitch from Mitsubishi 
Gas Chemical, with a measured softening point of 286
o
C. Two types of nanomodifier 
(Figure 2.1) were used for this study: MWCNT from SES Research 
(sesres.com/Nanotubes.asp) and milled Ketjen Black CB. The diameter of the majority of 
nanotubes ranged from 10 to 30 nm, with an average length of 1 μm and a purity of 
greater than 95%. The Ketjen Black CB consisted of agglomerations, most less than 10 
μm, although a few where as large as 35 μm. These agglomerations were made up of 
individual particles with aspect ratios close to unity and diameters ranging from 20 to 50 
nm. 
  
Distribution A.  Approved for public release:  distribution unlimited.   





Figure 2.1: SEM images of (a) MWCNTs and (b) milled CB. 
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The dispersion of nanoparticles into molten mesophase pitch was performed using 
a twin-screw extruder (Model #MP2015) made by APV Chemical Machinery. The 10 
mm diameter co-rotating screws were run at 30 RPM, and a 1 mm die with a 20:1 aspect 
ratio was used throughout. All dispersion studies were done in a nitrogen atmosphere to 
limit oxidative crosslinking and degradation of the mesophase pitch. Temperature control 
of the extruder was achieved through the use of four heating zones with independently 
controlled heater bars and thermocouples. From the feed zone to the die, the temperature 





The material was fed to the extruder alternating between 10 grams of pitch and 30 
mg of nanoparticles to achieve an average nanoparticle concentration of 0.3 wt%. To 
achieve adequate dispersion, the material was processed through the extruder three times. 
The 0.3 wt% nanoparticle loading level was chosen as it was generally observed in earlier 
studies to be the limit at which melt spinning was possible [Cho et al., 2003; Kim et al., 
2007]. The unmodified mesophase pitch (0 wt%) was processed using these same 
extrusion steps to obtain control specimens that would have a processing history similar 
to that of nanomodified materials.  
The compounded mixtures were melt-spun into fibers using a constant flow-rate 
batch spinning unit (Alex James and Associates, Greenville, SC) with a 12-hole spinneret 
having 150 µm diameter capillaries. A filter with three, increasingly fine mesh sizes (250 
μm, 100 μm and 50 μm) was used to remove any contaminating material prior to 
spinning. The system was operated at a temperature of approximately 305
o
C. The 
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pressure drop across the die varied between 5.5 to 8.3 MPa. All spinning was performed 
under a nitrogen atmosphere to minimize pitch oxidation.  
As-spun fibers were thermo-oxidatively stabilized at 205
o
C for 48 hours in an air 
convection oven to achieve an average weight gain of approximately 8 wt%, based on 
prior studies that suggest a weight gain of between 6 to 10% to be sufficient to render 
mesophase pitch intractable [Lu et al., 2002; Blanco et al., 2003; Fathollahi et al., 2005]. 
After stabilization, the fibers were graphitized in an Astro 1100 furnace using a helium 
atmosphere. The furnace was heated from room temperature to 1500
o
C at a rate of 
15
o
C/min and then from 1500 to 2600
o
C at a rate of 10
o
C/min. The temperature was held 
at 2600
o




2.2.3 Characterization of Fiber Microstructure 
A field-emission scanning electron microscope (Hitachi S-4800) was used to 
examine the dispersion of nanoparticles in oxidized pitch fibers and the graphitic 
structure in carbonized fibers. Samples were prepared by mounting each end of a fiber 
bundle between two pieces of double sided carbon tape. Using tweezers to grasp the fiber 
bundle by the carbon tape ends, the samples were held in liquid nitrogen. After 1 to 2 
minutes, the fibers were removed and quickly fractured by bending the two carbon tape 
ends toward each other. The paper backing was removed from the exterior of the carbon 
tape and the samples were adhered to stainless steel stubs in the vertical and horizontal 
direction. Oxidized pitch fibers were sputter coated with gold for 2 minutes (~10 nm) to 
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prevent charging in the SEM. Carbonized fibers were sufficiently conductive that they 
required no coating.  
The cross sections of both oxidized and graphitized fibers were also observed 
using an Olympus BX60 and a Nikon LV light microscopes. Fiber samples were adhered 
vertically to a piece of pre-hardened casting resin, placed in a sample mounting cup, 
which was then carefully filled with fresh casting resin. The resin was allowed to cure for 
1 hour at room temperature and then 24 hours at 70
o
C. Next, samples were polished using 
standard techniques [Kundu, 2006]. The average diameter and percentage of carbon 
fibers that exhibit “pac-man” type splitting was determined from these light micrographs 
of fiber cross sections. At least 100 fibers were counted to obtain statistical significance. 
Cross polarizing filters were used to obtain images of structural orientation in the fiber 
cross section.  
Wide angle x-ray diffraction (WAXD) was used to quantify changes in fiber 
crystallographic structure and orientation due to nanomodification. Milled carbon fibers 
were analyzed on a Rigaku Ultima IV to obtain estimates of the inter-planar spacing 
(d002), through-plane crystallite size (Lc), and in-plane crystallite size (La). The radiation 
source used was a copper target, operated at 40 kV and 40 mA. A crystal monochromator 
was placed in the diffracted beam path to remove the Cu Kβ portion of the signal. Fiber 
samples were mixed with about 5 to 10% NIST silicon standard to provided an accurate 
reference for two-theta position, as well as a measure of instrument broadening. 
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 Additionally, percent graphitic crystallinity (G) was calculated from the measured 
fiber inter-planar spacing, the inter-planar spacing of turbostratic graphite (dt = 0.344 nm) 










Orientation of crystallites with respect to the fiber axis was measured from fiber 
tows that were hardened with a slurry of super glue and NIST silicon standard. The full 
width at half maximum (FWHM) of the d002 azimuthal peak, a quantification of axial 
orientation within the fiber, was determined from diffractograms collected on a Rigaku-
MSC. The radiation was produced using a Microsource® x-ray tube with a copper target 
(Bede Scientific Instruments Ltd.), operated at 45 kV and 0.65 mA. Microfocus Confocal 
Max-Flux Optics ® (Osmic, Inc.) with a pinhole collimator was employed to yield a 0.5 
mm diameter beam of Cu Kα radiation. This equipment utilized an image plate detector, 
read by a Fujifilm BAS-1800 II scanner and analyzed using Polar v2.6.7. 
To verify fiber axial orientation results, a limited number of single filament 
samples were also conducted on a Statton pinhole x-ray camera and with an image plate 
detector. The Cu Kα radiation source was produced by a rotating anode generator (50 kV 
and 150 mA) with an incident beam crystal monochromator. The image plate was read 
using a Fujifilm BAS-1800 II image plated reader, and the pattern was analyzed using the 
UTHSCSA ImageTool program. 
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2.3 Results and Discussion 
2.3.1 Oxidized Pitch Fibers 
The “0 wt%” control fibers, as well as MWCNT- and CB-modified fibers, were 
all observed to have nominally circular cross sections prior to carbonization. As-spun 
fibers were generally very fragile and difficult to handle, so the following quantitative 
analysis was performed on the more durable oxidatively-stabilized fibers.  For each fiber 
type, two sampling sets were obtained from different regions in each batch, and average 
fiber diameters were measured using light microscopy; confidence intervals were 
calculated at 95%. For the 0 wt% oxidized fibers, a diameter of 24.0 ± 0.1 µm was 
determined from the first set and a diameter of 23.1 ± 0.1 µm was measured from the 
second set. The small confidence intervals on each mean suggests that within a given set 
the variation in diameter is small. However, the statistically significant difference 
between the means of the two sampling sets, suggests a degree of variability existing 
within the batch spinning processing. The diameters of both the MWCNT and CB fibers 
show similar behavior, as detailed in Table 2.1. 
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Table 2.1: Average diameter (±95% CI) and split fraction of oxidized mesophase pitch 















1 24.0 ± 0.1 76% 17.4 ± 0.3 83% 
2 23.1 ± 0.1 --- 16.8 ± 0.1 83% 
MWCNT 
1 21.1 ± 0.3 5% 17.2 ± 0.5 5% 
2 20.7 ± 0.5 --- 15.2 ± 0.2 1% 
CB 
1 20.0 ± 0.5 35% 16.7 ± 0.5 55% 
2 23.9 ± 0.4 --- 16.6 ± 0.3 35% 
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The dispersion and orientation of the nanoparticles within the stabilized fibers 
was studied using a SEM. At high magnification, the cross sections of the 0 wt% fibers, 
as displayed in Figure 2.2a, show the nanometer scale texturing of the gold coating, 
applied to the sample to reduce charging. However, the image is otherwise quite 
featureless. By comparison, images of MWCNT-modified fibers obtained at a similar 
magnification, shown in Figure 2.2b, reveal MWCNT protruding from the fractured 
surface as bright spots. These bright spots were measured to have an average diameter of 
~30 nm and aspect ratio close to 1 (circular cross section), suggesting that individual 
nanotubes were well dispersed within pitch matrix and oriented nominally parallel to the 
fiber axis. This is in good agreement with studies in the literature that show MWCNT 
present in molten polymeric materials at low concentrations (~1%) will tend to orient 
along the flow direction under high shear rates [Pötschke, 2005; Sulong, 2010].  
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Figure 2.2: SEM images of the fractured cross section of (a) an oxidized 0 wt% ARHP 
mesophase pitch fiber, (b) an oxidized MWCNT-modified mesophase pitch fiber, (c) 
undispersed bundle of MWCNTs and (d) an oxidized CB-modified mesophase pitch 
fiber. Nanoparticles are circled with thin black lines to enhance visibility.  
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Of the more than 100 replicate fiber samples examined, micrometer-scale clumps 
of undispersed nanotubes, such as that present in Figure 2.2c, were observed in less than 
2% of fibers. Attempts to precisely quantify the volume fraction of MWCNT within 
fibers from SEM images was not feasible due to the ~10 nm gold coating that obscured 
many of the smaller nanotubes.  
In comparison to the MWCNT, the CB modifier was more difficult to identify 
because particles protruded less prominently from the fractured surface. Only at high 
magnification, as shown in Figure 2.2d, could the CB modifier be identified. Some CB 
particles were tightly associated whereas others were dispersed. The measured diameter 
of agglomerations varied from 20 nm to 830 nm, with mean and median diameters of 115 
nm and 75 nm, respectively. The true average size is likely lower than this as smaller 
agglomerations and individual particles could not be accounted for because they were 
obscured by the gold coating. Agglomeration aspect ratio in the cross section varied from 
1 to 2.6, with a mean and median of 1.3. 
The transverse surface of oxidized fibers investigated at high resolution revealed a 
fine ridge structure running along the length of fibers (parallel to the fiber axis) for 0 
wt%, MWCNT and CB fibers, as shown in Figure 2.3a-c. Ridges were spaced ~50 nm 
apart and penetrated radially ~10 nm into the fiber. No nanoparticles were directly visible 
on the transverse surface, contrary to what was observed in cross section. However, 
raised areas with dimples on either end, on the scale of the nanoparticle inclusions, were 
present. This suggests the nanoparticles are covered by a skin of mesophase pitch. For 
MWCNT-modified fibers, the length of the covered nanotubes from dimple to dimple 
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was measured to be between ~100 to 2400 nm (aspect ratio ~10 to 100), with a mean and 
median length of 640 and 520 nm, respectively (aspect ratio of ~30). This suggests that 
either some fracturing of nanotubes occurred during processing, or that shorter nanotubes 
preferentially migrated into the skin layer of the fiber.  
The length of CB agglomerations parallel to the fiber axis was more difficult to 
determine due to their complex geometry, as observed in Figure 2.3c. The variation in 
shape of CB agglomerates results from the manner in which they eroded. The length of 
agglomerations was found to vary be between ~30 to 830 nm with a mean and median 
lengths of ~260 and 250 nm. The aspect ratio of the axial length relative to the cross 
sectional diameter is between ~1 and 3.5, which suggests some elongation in the flow 
direction. However, the aspect ratio of the CB agglomerations is still much closer to unity 
in contrast to that of the MWNCTs.  
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Figure 2.3: SEM images of the transverse outer surface of (a) an oxidized 0 wt% ARHP 
mesophase pitch fiber, (b) an oxidized MWCNT-modified mesophase pitch fiber and (c) 
an oxidized CB-modified mesophase pitch fiber. Nanoparticles are circled with thin black 
lines to enhance visibiliy. White arrows denote the axial direction of the fibers.  
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The effects of the MWCNT and CB modifiers on the orientation of mesophase 
molecules in the fiber cross section are evident from the cross polarized light 





 polarization. The dark regions represent the areas where the plane of the pitch 
molecules are either parallel to one of the polarizers or lack any strong orientation. 
Regions away from 0° and 90° gradually get brighter as the orientation of the planes get 
farther from being parallel to one of the polarizers.  Thus the classic “Maltese cross” 
pattern was observed for the 0 wt% sample. The addition of a first order red plate allows 
for the differentiation between the +45° and -45° orientations of the pitch molecule, 
which appear blue and yellow in Figure 2.5, respectively. Unoriented material or that 
parallel to either polarizer appears magenta.  
By rotating the samples in the microscope by 45°, as was done in the second row 
of images (images are rotated back in the paper to coincide with the first row placement), 
the oriented regions can be separated from those lacking orientation. Dark (Magenta) 
regions in the first row that become bright (blue or yellow) in the second row of Figure 
2.4 (Figure 2.5) are oriented regions while those that remain dark (magenta) in both sets 
of images are unoriented. The lack of overall orientation can be due either to the 
mesophase domains being small (below the limits of resolution) with multiple 
orientations or being oriented parallel to the viewing plane, i.e., “face-on”.  
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Figure 2.4: Light microscopy images of the polished cross sections of oxidized 0 wt%, 
MWCNT- and CB-modified fibers, taken with 0°/90° (row one) and +45°/-45° (row two) 
polarizer/analyzer configurations.  
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Figure 2.5: Light microscopy images of the polished cross sections of oxidized 0 wt%, 
MWCNT- and CB-modified fibers, taken with 0°/90° (row one) and +45°/-45° (row two) 
polarizer/analyzer configurations with a full wave retarder plate.  
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Using these complementary polarized images, the structure of each fiber cross 
section was interpreted and presented as schematics in Figure 2.6. Black dashes represent 
the orientation of the mesophase disks, as viewed “edge on”, while the grey areas 
represent regions of little orientation. The 0 wt% fibers exhibited a radial orientation of 
the mesophase molecules about the fiber axis. The anisotropy of this structure caused a 
relative weakness in the hoop direction of the fiber, allowing for a radial crack (that also 
ran parallel to the fiber axis) to form in ~75% of 0 wt% fibers, as shown in Figure 2.7. 
The core of these fibers exhibited little preferred orientation in the cross sectional plane. 
This reduced orientation resulted from the low shear rates encountered in the core of the 
spinning capillary, with the shear rate approaching zero at the center line.  
  
Distribution A.  Approved for public release:  distribution unlimited.   




Figure 2.6: Complementary polarizations were used to sketch interpreted structures 
showing mesophase orientation within the fiber cross sections. Grey regions designate 
little preferred orientation.  
 
  
Figure 2.7: SEM images of oxidized 0 wt% fibers exhibiting radial cracking. 
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By comparison, the mesophase pitch in fibers containing MWCNT oriented in a 
narrow band (~4 μm) of layered structure at their core. This transitioned into a weak, 
radial texture toward the outer surface of the fibers. Near the outer surface, a 3 μm 
(nominal) thick ring of low orientation is also observed. This decreased orientation of the 
mesophase molecules, due to the presence of MWCNT, is thought to have increased the 
hoop direction strength. Hence, significantly fewer split fibers (~5%) were observed.  
The CB-modified fibers exhibited a structure similar to that of the MWCNT-
modified fibers. However, the flat layer band in CB-modified fibers was much thicker 
(~8 μm) and appears to be more strongly oriented than that in the MWCNT-modified 
fibers. The radially oriented region, near the outer surface of the CB-modified fibers, was 
also more strongly oriented than the MWCNT fibers, exhibiting only a small arc of 
decreased orientation. This may explain why CB has an intermediate effect (better than 
pure, but less than MWCNT) on inhibiting radial cracking, with only 35% of fibers 
exhibiting this feature.  
The longitudinal orientation of mesophase pitch molecules, relative to the fiber 
axis, was quantified from the FWHM of the (002) plane azimuthal peak, obtained using 
WAXD. The average FWHM (±95% CI) values obtained from bundles of 0 wt%, 
MWCNT and CB stabilized fibers were 28.9 ± 0.6, 30.2 ± 0.7 and 29.4 ± 0.5 degrees. 
Three bundles of each fiber type were tested to obtain the 95% CI, and no statistically 
significant difference in the axial orientation due to nanomodification was observed. This 
is in good agreement with measurements made on single filaments of 0 wt%, MWCNT 
and CB stabilized fibers, which had average FWHM values of 27.5 ± 0.6, 27.6 ± 0.8 and 
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27.6 ± 1.5 degrees. The slightly higher FWHM of fiber bundles, relative to single 
filaments, is attributable to small misorientation of individual fibers within the bundles. 
 
2.3.2 Carbon Fibers 
Figure 2.8 presents representative SEM micrographs of the fractured cross 
sections of the 0 wt%, MWCNT- and CB-modified carbon fibers. During heat treatment, 
the orientation of the mesophase molecules is known to facilitate the development of the 
graphitic structure [Barnes et al., 1998]. Hence it is not surprising that cross sectional 
orientation of the graphitized fibers is similar to that of the oxidized fibers, presented 
schematically in Figure 2.6. However, the removal of oxygen and hydrogen, as well as 
tightening of the lattice structure, caused a significant decrease in the cross sectional area 
of the fibers post graphitization. The average diameters ((4*area/π)
1/2
) for each fiber type, 
measured using light microscopy, are presented in the fifth column of Table 2.1.  
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Figure 2.8: SEM images of the fractured cross section of (a) 0 wt%, (b) MWCNT-
modified and (c) CB-modified carbon fibers. White boxes correspond to the positions at 
which the high resolution images in Figures 2.9-11 were obtained. 
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Graphitic pleats in the 0 wt% fiber exhibit strong radial texture in the outer 5 µm 
band of the cross section, as shown in Figure 2.9a-d, f. The average length of pleats (a 
measure of La,┴) at all five of these locations was ~40 nm, regardless of angular position. 
However, as presented in Figure 2.9e, little preferred orientation exists at the fiber core 
and the average pleat length was only ~30 nm. This strong radial orientation, often 
observed for mesophase pitch fibers, causes a weak inter-planar bonding leading to “pac-
man” splitting during heat treatment as the fiber densifies [Mochida et al., 1996; Cho et 
al., 2003]. Of the carbonized 0 wt% fibers produced for this study, ~83% exhibited “pac-
man” splitting.  
Figure 2.10 shows the structure of a MWCNT-modified fiber at the six locations 
designated in the full cross sectional view (Figure 2.8b). The fiber core exhibited a weak 
layered structure oriented along the equatorial direction (±90
o
), with significant folding of 
the graphite sheets, i.e., the pleats appear to zig-zag along the equator. The average pleat 
length in this region was ~40 nm. In the outer region, those at the +90
o
 position also 









) showed very little preferred orientation and had slightly shorter pleat 
lengths (~30 nm). This weaker orientation observed in the MWCNT modified fibers, 
particularly in the region closest to the outer surface, provided significant interlocking 
and toughening of the graphitic structure. This resulted in only 1 to 5% of the MWCNT 
modified fibers exhibiting “pac-man” splitting. A similar relationship between structure 
and reduced split fraction was observed in other pure mesophase pitch based carbon 
fibers (DuPont E35-E130 grades) as reported by Pennock et al. [1993].   
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Figure 2.11 shows the detailed structure of the CB-modified fiber presented in 
Figure 2.8c. The graphitic pleats in the core were strongly oriented along the equator 
(±90
o







 positions were closely aligned with their respective radials but 
exhibit a greater degree of folding compared to the core of the fiber. In all these regions, 
the average pleat length (~30 nm) was slightly shorter than in the core. Pleats located at 
the +45
o
 position show very little preferred orientation, but the average pleat length was 
similar to the other angular positions. The CB modifier had an intermediate effect, with 
45% of the fibers showing “pac-man” splitting. As observed with Amoco P-130X grade 
carbon fibers, splitting occurs along the ±90
o
 direction where bonding is weakest [Fitz 
Gerald et al., 1991]. Additionally, the strong layered structure at the core of the CB fibers 
also resulted in elliptical cross sections, which has been observed in other mesophase 
pitch fibers of similar structure [Pennock et al., 1993]. 
  
Distribution A.  Approved for public release:  distribution unlimited.   














, (e) core and (f) +90
o
 positions. White arrows show 
the orientation of each image corresponding to those designated in Figure 2.8a.  
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Figure 2.10: High resolution SEM images of a typical MWCNT-modified carbon fiber 








, (e) core and (f) +90
o
 positions. 
White arrows show the orientation of each image corresponding to those designated in 
Figure 2.8b. 
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Figure 2.11: High resolution SEM images of a typical CB-modified carbon fiber cross 








, (e) core and (f) +90
o
 positions. White 
arrows show the orientation of each image corresponding to those designated in Figure 
2.8c. 
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The crystalline microstructure of the experimental carbon fibers was further 
probed using WAXD on milled fibers blended with a NIST silicon standard powder. 
Figure 2.12a displays the two-theta diffraction associated with the carbon (002) plane 
and the silicon reference (111) plane. The d-spacing values for all three types of 
experimental carbon fibers (heat treated to 2600
o
C) were determined to be 0.338 nm 
(~70% graphitic crystallinity), as calculated from the position of the (002) peak. This 
suggests that the presence of the nanomodifiers did not affect the degree of through-plane 
perfection of the graphene layers within the crystallites. In comparison, the d-spacing of 
the highly graphitic K1100 fibers, measured to be 0.337 nm (~80% graphitic 
crystallinity), was only slightly smaller than the experimental fibers. The d002-spacings 
for Thornel P120 and P100 grade fibers bracket that of the experimental fibers and were 
reported to be 0.337 nm and 0.339 nm, respectively [Huang and Young, 1994]. Similar 
values (0.3378 nm for P120 and 0.3392 nm for P100) were also noted by Endo [1988]. 
Additionally, the E130 grade fibers (DuPont) had a d-spacing of 0.3380 nm, which also 
falls in this range [Nysten et al., 1991]. 
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Figure 2.12: Two theta x-ray diffraction spectrum of milled 0 wt%, MWCNT- and CB-
modified experimental carbon fibers, as well as the highly graphitic, commercial grade 
K1100 (a) from 25 to 29˚ and (b) from 75 to 90˚. 
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The crystallite size of the graphene stack, Lc, was determined from the FWHM of 
a Lorentzian curve fitted to the (002) peak (corrected for instrument broadening) using 
the Scherrer equation, with a shape parameter of 1.0. Instrument broadening was 
determined from the FWHM of a Lorentzian curve fitted to the silicon (111) peak. The Lc 
values (±95% CI constructed from three replicate samples) for the 0 wt%, MWCNT and 
CB modified fibers were determined to be 41.1 ± 0.4, 35.2 ± 0.5 and 41.4 ± 0.9 nm. The 
presence of MWCNTs appeared to slightly reduce the graphene stack height, Lc, by 
~15%, while the CB modifier has no statistically significant impact relative to the 
unmodified carbon fibers. The measured Lc value of K1100 (68.5 ± 8.6 nm) is almost 
twice as large as that for the experimental fibers, likely from a higher heat treatment 
temperature (in excess of 3000
o
C) afforded to K1100. The reported Lc values for P120 
grade fibers, which range from 28 nm of 37 nm [Endo, 1988; Huang and Young, 1994], 
were very similar to the experimental fibers. However, Lc values for the presented 
experimental fibers were higher than those of P100 grade fibers (ranging from 24 to 29 
nm) and E130 grade fibers (24 nm) [Endo, 1988; Nysten et al., 1991; Huang and Young, 
1994].  
Figure 2.12b displays the two-theta diffractograms associated with the carbon 
(110), (112) and (006) planes. At these larger diffraction angles, the appearance of 
doublets is a result of the significant difference in wavelengths of the Kα1 and Kα2 
radiation. Therefore, the (110) region is fitted with two overlapping Lorentzian peaks. 
The in-plane crystallite size (La,(110)) was determined from the FWHM of the Kα1 peak 
using the Scherrer equation, with a shape parameter of 1.0. Correction for instrument 
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broadening was performed using the FWHM of a Lorentzian curve fitted to the Kα1 peak 
associated with the silicon (331) plane. The La,(110) values for the 0 wt%, MWCNT and 
CB-modified fibers were determined to be about 80, 80 and 90 nm, respectively. The 
poor separation of the doublets in combination with the relatively low signal-to-noise 
ratio at these larger diffraction angles makes peak fitting difficult. As a result, an 
estimated fitting resolution of the FWHM of ± 0.03
o
 for the samples measured 
corresponds to an uncertainty of ~20 nm in La,(110). Thus, the addition of neither MWCNT 
nor CB has a significant impact on in-plane of crystallite size. The measured La,(110) value 
for K1100 was ~120 nm, about 50% larger than that for the experimental fibers. In 
contrast, the La values for experimental fibers were twice that reported for P100 and P120 
grades (43.0 nm and 45.7 nm) [Huang and Young, 1994]. Conversely, the average La 
value for E130 was somewhat larger with La,// being reported as 180.0 nm and La,┴ as 
46.5 nm [Nysten et al., 1991].  
Additional observations on the in-plane crystallite size of the experimental carbon 
fibers can be made by comparing data obtained by WAXD with that gleaned from pleat 
length measurements, presented earlier. Since WAXD measurements were made on 
milled fibers, where it is assumed that the fibers themselves have no bulk preferential 
orientation relative to the sample holder, the resulting in-plane crystal size is a 
combination of both La,┴ and La,//. However, when compared with pleat length data (a 
measure of La,┴ only), it can be concluded that La,// for all experimental fibers is greater 
than their La,┴. This anisotropy is a common feature of these highly graphitic carbon 
fibers [Nysten et al., 1991]. 
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The development of three-dimensional crystallinity within carbon fibers is known 
to result in the appearance of the (112) peak [Endo, 1998; Endo et al., 1998]. Although 
somewhat broad (relative to K1100) the presence of (112) peaks at 2 ~83
o
 was observed 
for 0 wt%, as well as MWCNT- and CB-modified fibers, as shown in Figure 2.12b. 
Thus, the addition of nanomodifiers did not suppress graphitic crystallinity in the 
experimental carbon fibers.  
The orientation of graphitic crystallites with respect to the fiber axis was 
quantified from fiber bundles and single filaments. The FWHM of the (002) plane 
azimuthal peak for the 0 wt%, MWCNT and CB fibers bundles were 2.8 ± 0.5, 4.2 ± 0.5 
and 4.5 ± 2.8 degrees, and from single filaments were 2.4 ± 0.6, 3.6 ± 0.7 and 3.8 ± 0.4 
degrees. Some decrease in crystallite orientation is apparent due to the presence of the 
nanoparticles, but the nanomodified fibers are still very well oriented relative to most 
other graphitic fibers. 
 
2.4 Conclusions 
Melt mixing was successfully employed to disperse short aspect ratio MWCNTs 
and CB at ultra dilute concentrations (~0.3 wt%) into the ARHP mesophase pitch matrix. 
Stabilized pitch fibers from both of these nanomodified materials exhibited significant 
differences in cross sectional mesophase orientation with 0 wt% fibers possessing a radial 
texture, whereas CB-modified fibers had a weakly oriented flat layer structure. MWCNT-
modified fibers showed a small amount of flat layer structure in the center of the 
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filaments, but the overall cross section was largely unoriented. However, no significant 
difference in orientation parallel to the fiber axis (FWHM ~ 30°) could be detected.  
After carbonization, differences in the microstructure resulting from 
nanomodification became clearer as the graphitic planes developed. The graphitic pleats 
of the 0 wt% control were found to be longer (~40 nm) and better oriented than those of 
the nanomodified fibers (~30 nm). In the cross section, the microstructural difference of 
reduced pleat length correlated with a decrease in the number of fibers that exhibited 
“pac-man” splitting (83% for 0 wt%, 1 to 5% for MWCNT-modified and 35 to 55% for 
CB-modified). Carbon fibers modified with MWCNT were most effective in this regard. 
Interestingly, even a low-cost nanomodifier, carbon black, was shown to reduce the 
severe radial microstructure of the resulting carbon fibers and inhibit “pac-man” splitting. 
Despite textural changes in the cross section, no significant reduction was 
observed in the d002-spacing (0.338 nm) or La (~80 nm) as a result of the 
nanomodification. This indicates that the nanomodification of the carbon fibers still 
allowed for the retention of a high degree of graphitic crystallinity (~70%). Both 
nanomodified fibers displayed a slight decrease in axial orientation (from a FWHM of 
~3° for 0 wt% to ~4° for the MWCNT- and CB-modified fibers). Even with those 
changes, the nanomodified fibers showed a strong graphitic development (relative to 
conventional pitch-based carbon fibers), which makes them suitable for extreme 
environments (high temperatures, neutron radiation) that require microstructural integrity.  
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EFFECT OF NANOMODIFICATION ON THE SINGLE-FILAMENT PROPERTIES 
OF MESOPHASE PITCH-BASED CARBON FIBERS 
 
3.1 Introduction 
The liquid crystalline nature of mesophase pitch precursors allows for the 
production of highly graphitic carbon fibers with large, well-oriented crystallites. Such a 
structure generally enhances thermal and electrical conductivity, but also leads to high 
elastic modulus and poor compressive strength [Bennett, 1983; Issi et al., 1987; Endo, 
1988; Dobb et al., 1990; Nysten et al., 1991; Hayes et al., 1993; Pennock et al., 1993; 
Huang and Young, 1994; Gallego and Edie, 2001; Lu et al., 2002; Kim et al., 2007]. 
Therefore, although these fibers could be valuable in applications that require the 
dispersion of significant amounts of heat and/or electrical charge (lightning strike 
protection for composite aircraft, EMI shielding and heat sinks for electronics, as well as 
other thermal management applications) their use in composite materials, especially as 
continuous tows, has been limited due to their brittle nature. Hence, a significant amount 
of research has been undertaken to study the relationship between precursor composition, 
processing parameters, fiber structure and fiber properties in an effort to understand how 
these fibers can be tailored to particular applications [Hamada et al., 1988; Matsumoto et 
al., 1993; Robinson et al., 1996; Fathollahi et al., 1997; Gallego and Edie, 2001; Cho et 
al., 2003; Mishra et al., 2005; Kim et al., 2007]. 
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As established in the previous chapter, mesophase pitch-based carbon fibers 
containing dilute concentrations (~0.3 wt%) of MWCNTs or CB exhibit changes in their 
texture and crystalline structure. The goal of the work presented here was to determine 
the effect of those nanomodifications on fiber density, electrical and thermal 
conductivity, as well as mechanical properties. It is important to note that although both 
MWNCTs and CB have been used as fillers to successfully enhance the thermal and 
mechanical properties of polymers and even metals, the weight fraction of fillers used in 
those studies is significantly higher and, therefore, far more costly than in the current 
study. At only 0.3 wt%, the MWCNTs and CB nanoparticles used in the present work do 
not act as traditional fillers, but rather perform as templating or nucleating agents. These 
solid particles interact with the surface of the liquid crystalline mesophase pitch 
molecules modifying the structure and thereby affecting the macroscopic properties of 
the resulting fibers. 
 
3.2 Experimental 
3.2.1 Fiber Density 
The density of the 0 wt%, MWCNT-modified and CB-modified experimental 
carbon fibers (produced without sizing), as well as that of the commercial grade fibers 
P25 and K1100 (sizing was removed prior to testing), were measured using a method 
similar to that employed by Hai et al. [2008]. In their work, Hai et al. [2008] used 
solutions of sodium chloride in water to measure the density of polymeric fibers. 
However, the density of carbon fibers (~2 g/cm
3
), nearly twice that of polymeric fibers 
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C.) Therefore, the use of an alternate solution was necessary. Although 
significantly more expensive, cesium formate in water can produce solutions whose 
density ranges from 1.00 to 2.35 g/cm
3
 (pure water to saturation at 23
o
C), easily spanning 
that expected for pitch-based carbon fibers.  
For the experiments reported in this chapter, calibrated density floats were used to 
produce five standard solutions, in increments of 0.05 g/cm
3
, for each fiber type. The 
standard solutions used for the P25 fiber ranged in density from 1.80 g/cm
3
 to 2.00 g/cm
3
, 
corresponding to the literature value of 1.90 g/cm
3
. Similarly, the standard solutions used 
for the K1100 fiber ranged in density from 2.05 g/cm
3
 to 2.25 g/cm
3
, corresponding the 
literature value of 2.20 g/cm
3 
[Cytec Industries, 2010; Edie, 1998]. In the case of the 0 
wt%, MWCNT- and CB-modified fibers, where no literature values were available, the 
d002-spacing (a measure of how tightly the graphitic layers are packed within a given 
crystallite volume) was used to select the density range over which the standard solutions 
should be prepared. The d002-spacing of all three of the experimental fibers (0.338 nm) is 
similar to that of K1100 (0.337 nm). Therefore, the same standard solutions were used for 
the experimental fibers as that of K1100 (2.05 g/cm
3
 to 2.25 g/cm
3
). 
For each fiber type, a small amount of chopped fiber was placed in the bottom of 
each of five empty 10 mL glass vials. The corresponding standard solutions were then 
carefully poured over top of the fiber. Next, the vials were gently shaken to disperse the 
filaments into the solutions, placed in a 23
o
C water bath and allowed to sit undisturbed 
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for ~10 hours. After that time, the vials were carefully removed from the water bath, 
examined and photographed.  
It should be noted that although the density gradient technique [ASTM Standard 
D1505, 2010] is a common method for measuring the density of polymer and composite 
materials, the above procedure was selected as it requires far less of the costly cesium 
formate salt. Additionally, smaller amounts of carbon fiber could be tested while still 
maintaining good visibility in the smaller volume of the vials.  
The percent void volume (v0) contained in the carbon fibers was calculated using 
the fiber inter-planar spacing (d002 in nm) measured via WAXD (as presented in Chapter 
2), the measured fiber density (ρfiber in g/cm
3























     

 (3.2) 
where, Dfiber is the theoretical density of a fiber with no voids, a is the in-plane lattice 
parameter (0.246 nm), n is the number of carbon atoms in a unit cell (4 atoms), C is the 
atomic weight of carbon (16.01 g/mol), NA is Avogadro’s number (6.022 x 10
23
 




). Sample calculations are 
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3.2.2 Electrical Resistivity and Correlated Thermal Conductivity 
The electrical resistivity of single-filaments was measured using the four probe 
method [ASTM Standard C611, 2010] with a Keithley 580 micro-ohmmeter. In addition 
to the three experimental fibers (0 wt%, MWCNT- and CB-modified), two commercial 
grade carbon fibers (P25 and K1100, with sizing removed) were also tested for 
comparison. SPI Flash Dry Silver Paint was used to reduce contact resistance between the 
carbon fiber and copper electrodes. A minimum of 10 fibers were tested for each fiber 
type using both a 10 and 20 mm gauge length. A portion of each fiber tested was 
mounted vertically on aluminum tabs, and the cross-section was imaged using a field 
emission SEM at 5 kV. These images were then analyzed to determine the fiber cross-
sectional area, average diameter and whether or not it exhibited radial splitting.  
 Additionally, measured electrical resistivity values were used to predict fiber 
thermal conductivity. As is detailed in Chapter 4, the direct measurement of fiber thermal 
conductivity (especially from single-filaments or fiber tows) is experimentally 
challenging, requiring appreciable time and very specialized equipment. Furthermore, 
unlike the Wiedemann-Franz law for metals, no theoretical relationship exists between 
the thermal and electrical conductivity (the inverse of electrical resistivity) in graphitic 
materials. However, by independently measuring the thermal conductivity (κ) and 
electrical resistivity (Ρ) of 45 different pitch-based fibers and using the least squares 








Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 65 
where, κ is in units of W/m∙K and Ρ is in units of μΩ∙m. The approximate range of 
electrical resistivity and thermal conductivity values over which fibers were tested was 1 
to 11 μΩ∙m and 950 to 25 W/m∙K. A large majority of fibers tested fell within 1.5 to 3.1 
μΩ∙m and 640 to 500 W/m∙K, indicating the range over which the above correlation can 
be most confidently be applied. 
 
3.2.3 Tensile Properties 
The tensile strength (σT), strain-to-failure (ε) and tensile modulus (E) of the 
experimental 0 wt%, MWCNT- and CB-modified fibers, as well as those of the 
commercial grade fiber P55, were quantified using the procedure and equipment 
described by Cho [2003]. P55 was chosen as an external standard over those used for 
density and electrical resistivity measurements (K1100 and P25) because the extremely 
brittle nature of the highly graphitic K1100 resulted in a significant number of samples 
breaking prior to testing. Further, the tensile properties of P55 were expected to be a 
better match to the experimental samples than those of P25 [Hayes, 1993].    
To begin, a small portion of each filament (2 to 3 mm) was reserved for the 
determination of cross-sectional area, average diameter and the presence of radial 
splitting, using the same SEM method as was applied to the electrical resistivity samples. 
The remainder of each filament was mounted onto a 25 mm gauge length paper window 
using a two-part epoxy. The epoxy was allowed to cure at room temperature for at least 
24 hours prior to testing. The mounted samples were then placed in the pneumatic grips 
of the Pheonix tensile testing setup (made by Measurement Technology, Inc.), equipped 
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with a 500 g load cell. A hot soldering iron was used to burn away the edges of the paper 
window, leaving only the single-filament to span the gap between the upper and lower 
grips of the Pheonix unit. Using a cross-head speed of 0.5 mm/min, an increasing stress 
was applied to each sample until tensile failure occurred. A minimum of 24 samples were 
tested for each fiber type. 
 
3.2.4 Compressive Strength 
The compressive strength of the three experimental fibers and the commercial 
grade P55 fiber were quantified using the tensile recoil technique first described by Allen 
[1987] and applied extensively to pitch-based carbon fibers by Hayes [1993]. It is 
important to note that this method is suitable only for fibers which possess a lower 
compressive strength (σC) as compared to their tensile strength.  
The procedure by which the compressive strength samples were prepared was 
identical to that for the tensile property samples, using the same 25 mm paper windows. 
Once positioned in the pneumatic grips of the Phoenix unit, the vertical edges of the 
paper window were carefully burned away using a soldering iron. The single-filaments 
were then pulled into tension at a series of stress levels using a cross-head speed of 0.5 
mm/min. Finally, a high voltage electric arc was employed to fracture each filament in 
the middle, initiating the recoil of the two sample halves that manifests into compressive 
stress within fiber structure. In this type of experiment, both halves of the fiber 
experience the same compressive stress, which is equivalent to the tensile stress prior to 
bisection by the high voltage arch. For each sample, two data points were recorded (one 
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for each half of the fiber) as having either survived (S) or failed (F) in compression. A 
sample fails in compression if the compressive stress applied is greater than the 
compressive strength of the filament.   
Several methods have been proposed for the analysis of the binary response data 
generated by tensile recoil experiments, as thoroughly reviewed by Hayes [1993]. For the 
current work, a method based on that applied by Allen [1987] (the ranking method) was 
chosen both for its simplicity and the requirement of fewer data points. Furthermore, the 
compressive strength predicted by this method has been shown to equate well with that 
generated using the more complex statistical methods. However, unlike the statistical 
methods, it is not possible to calculate the degree of variance in the compressive strength 
values determined via the ranking method [Hayes, 1993].  
 In addition to the binary response data, ultra-high-speed videos (10,000 
frames/second) were also recorded during each tensile recoil experiment. Sample images 
from these videos are presented in Appendix B. The novel ability to replay fiber failure in 
slow motion increased the reliability in determining when compressive failure occurred 
and also assisted in locating fractured filament shards. When possible, these shards were 
collected and imaged using a field-emission SEM. As observed by Dobb et al. [1990] and 
Hayes [2003], the appearance of the fiber cross-section at the point of fracture helps 
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3.3 Results and Discussion 
3.3.1 Fiber Density 
Immediately after removal from the water bath, the location of the fibers within 
each of the cesium formate solutions was observed and recorded. The vials were then 
dried, positioned and photographed (Figure 3.1). Although every effort was made to not 
agitate the samples during the process of preparing them to be photographed, it was noted 
that movement of the fibers did occurred in some of the vials. In vials for which this is 
the case, the earlier observations taken just as the samples were being removed from the 
water bath are used to supplement the photographs in determining fiber density (Table 
3.1). 
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Figure 3.1: (a) Chopped P25 fiber in vials containing solutions of cesium formate in 
water, where ρ1 = 1.80 g/cm
3
, ρ2 = 1.85 g/cm
3
, ρ3 = 1.90 g/cm
3
, ρ4 = 1.95 g/cm
3
, and ρ5 = 
2.00 g/cm
3
. Chopped (b) K1100, (c) 0 wt%, (d) MWCNT-modified and (e) CB-modified 
fiber in vials containing solutions of cesium formate in water, where ρ1 = 2.05 g/cm
3
, ρ2 = 
2.10 g/cm
3
, ρ3 = 2.15 g/cm
3
, ρ4 = 2.20 g/cm
3
, and ρ5 = 2.25 g/cm
3
. The above 
photographs were taken after the vials had been removed from a 23°C water bath, where 
they had been allowed to sit undisturbed for at least 10 hours.  
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Table 3.1: Experimentally determined carbon fiber density ranges and literature values as 








 Measured  Literature
a
 
P25 1.90 < ρfiber ≤ 1.95 1.90 --- 
K1100 2.20 ≤ ρfiber < 2.25 2.20 0.4 < v0 ≤ 2.6 
0 wt% 2.20 ≤ ρfiber < 2.25  --- 0 < v0 ≤ 2.2 
MWCNT 2.15 ≤ ρfiber ≤ 2.20  --- 2.2 ≤ v0 ≤ 4.4 
CB ρfiber = 2.20  --- v0 = 2.2 
a
[Cytec Industries, 2010; Edie, 1998] 
 
b
Calculations presented in Appendix A.  
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Figure 3.1a shows the chopped P25 filaments in vials containing solutions of 
cesium formate in water, where ρ1 = 1.80 g/cm
3
, ρ2 = 1.85 g/cm
3
, ρ3 = 1.90 g/cm
3
, ρ4 = 
1.95 g/cm
3
, and ρ5 = 2.00 g/cm
3
. For the first three vials, the filaments have clearly 
settled to the bottom of each of the solutions, hence ρfiber > ρ1, ρfiber > ρ2 and ρfiber > ρ3. 
The dark region near the top of these three vials is only the meniscus of the liquid. In the 
fourth vial, filaments were both floating on the top and suspended in the middle of the 
solution, therefore ρfiber ≤ ρ4. For these first four vials, initial observations of the samples 
(i.e. directly out of the water bath) were in good agreement those captured in Figure 
3.1a. However, the photographed view of the fifth vial shows filaments both floating at 
and below the meniscus, which was a result of the sample being perturbed during 
repositioning of the vial. When just pulled from the water bath, the filaments were only 
located at the top of the solution, thus ρfiber < ρ5. By combining the above observations, 
the measured density range of the P25 filaments was determined to be greater than 1.90 
g/cm
3
 and less than or equal to 1.95 g/cm
3




Using the above logic, written observations (filaments were located in the middle 
and at the bottom of vial 4 and at the top of vial 5) and Figure 3.1b (again, the position of 
filaments in vial 5 was affected by some agitation prior to being photograph), the density 
range of the K1100 filaments was determined to be greater than or equal to 2.20 g/cm
3
 
and less than 2.25 g/cm
3
. This is in good agreement with the literature value of 2.20 
g/cm
3
. Based on similar observations (Figure 3.1c), the density range of the experimental 
0 wt% filaments was found to be equivalent to that of K1100 (2.20 g/cm
3
 ≤ ρfiber < 2.25 
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). For the MWCNT-modified sample, filaments were located in the middle and at 
the bottom of vial three and at the top and in the middle of vial four (Figure 3.1d).  Thus 
the density of the MWCNT-modified filaments ranges from greater than or equal to 2.15 
g/cm
3
 to less than or equal to 2.20 g/cm
3
. Finally for the CB-modified sample, all 
filaments were floating in the middle of vial 4 (Figure 3.1e), and therefore the density of 
CB-modified filaments is 2.20 g/cm
3
.  Based on these observations, nanomodification 
appears to have little impact on fiber density as the values measured for both MWCNT- 
and CB-modified filaments overlap the density range determined for the 0 wt% filaments.  
Next, by comparing the measured density values with the d002-spacing values 
determined using x-ray diffraction an estimate of the percent void volume (v0) within 
each fiber type was obtained, as shown in Table 3.1. The d002-spacing is a quantifier of 
how tightly the graphitic layers are packed together, so the smaller the d002-spacing the 
greater the number of graphitic layers packed into a given volume, theoretically resulting 
in a higher density fiber. However, although x-ray diffraction may be able to measure 
graphitic perfection on a nanoscale (as quantified by the d002-spacing), is not necessarily 
able to distinguish larger defects, such as voids, that may affect the measured density of a 
single-filament. Thus, the difference in theoretical fiber density determined from d002-
spacing and that measured directly from single fialments (via the solution method) can be 
used to estimate void volume within a fiber type. Calculation details are presented in 
Appendix A.     
As presented in Chapter 2, all three experimental grade fibers had a measured 
d002-spacing of 0.338 nm, hence any decrease in measured density should result from the 
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inclusion of gas pockets formed in the fiber during processing. Therefore it is not 
surprising that the 0 wt% control, which had the highest density (2.20 ≤ ρfiber < 2.25 
g/cm
3
), was determine to have the lowest void volume (0 < v0 ≤ 2.2%). The MWCNT-
modified filaments, which had the lowest density (2.15 ≤ ρfiber ≤ 2.20 g/cm
3
), exhibited 
the highest void volume (2.2 ≤ v0 ≤ 4.4%). The intermediate density CB-modified 
filaments had an intermediate void volume of 2.2%. Thus, nanomodication appears to 
increase void volume by at most 2%. This could be improved by reducing the number of 
undispersed nanoparticle agglomeration within which most of the voids are expected to 
reside.  
However, it is interesting to note that the void volume (0.4 ≤ v0 ≤ 2.6%) of the 
commercial manufactured K1100, which had a d002-spacing of 0.337, is comparible to 
that of all three experimental fibers.  This similarity in d-spacing and void volume 
suggests that, although produced using a lab scale set-up, the quality of experimental 
fibers approaches that produced on a commercial scale with regard to the presence of 
voids and graphitic content.  
 
3.3.2 Electrical Resistivity and Correlated Thermal Conductivity 
Table 3.2 summarizes the average single-filament electrical resistivity values 
(±95% CI) obtained from both 10 and 20 mm gauge lengths. For all fiber types, gauge 
length was found to have no statistical significant impact on the measured value of 
electrical resistivity, at a 95% confidence level. This suggests that measurement error due 
to the added resistance from the test set-up is negligible, even for the most electrically 
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conductive fibers. Hence, all the comparisons between fiber types that follow are made 
using the 20 mm guage length data. 
For those fiber types that exhibitted radial splitting (K1100, 0 wt% and CB), data 
is first presented for a collection of filaments that were chosen randomly from a fiber 
bundle, i.e. without regard to whether the filament was split or not. Thus, these values 
should be representative of the bulk properties of a given fiber type. Indeed, the fraction 
of 0 wt% and CB electrical resistivity samples that exhibit radial splitting (85% and 25%) 
is similar to that quantified using light microscropy in Chapter 2 (83% and 35 to 55%).  
The second and third rows of a given fiber type contain data for only unsplit and 
split filaments, respectively. For K1100 and CB fibers, these latter two rows are simply 
subsets of the data used to calculate the values in row one (the bulk property values.) 
However, for the 0 wt% fiber an additional ten unsplit filaments were measured (beyond 
the two unsplit samples already tested for row one.) This was done so that the sampling 
sizes for the 0 wt% split and unsplit fibers would be equal (12 samples each) and 
therefore would not affect the comparison of electrical resistivity values for these two 
data sets (split vs. unsplit).  
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Table 3.2: Average single-filament electrical resistivity and correlated fiber thermal 











10 mm 20 mm 10 mm 20 mm 




29 9.7±0.2 1.25±0.06 1.22±0.06 856±19 865±19 
Unsplit 10 9.5±0.3 1.27±0.10 1.23±0.10 851±33 860±33 




14 16.2±0.4 2.63±0.09 2.52±0.11 551±15 569±18 
Unsplit 12 16.1±0.3 2.77±0.07 2.65±0.06 528±10 546±10 
Split 12 16.2±0.5 2.60±0.09 2.47±0.08 556±14 577±14 




24 16.3±0.5 2.86±0.10 2.75±0.10 517±15 532±15 
Unsplit 18 16.3±0.6 2.88±0.12 2.80±0.12 513±18 525±18 
Split 6 16.2±1.5 2.77±0.24 2.61±0.19 530±37 554±31 
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The obtained electrical resistivity value of 1.22±0.06 μΩ∙m for K1100 and of 
12.4±0.3 μΩ∙m for P25 are in good agreement with those listed in the literature (1.3 and 
13 μΩ∙m [Cytec Industries, 2010; Edie, 1998]), confirming the accuracy of the 
measurements presented here. As expected, the electrical resistivity values of the two 
commercial grade carbon fibers (K1100 and P25) bracketted those of the experimentally 
produced fibers (0 wt%: 2.52±0.11 μΩ∙m, MWCNT-modified: 2.75±0.13 μΩ∙m, CB-
modified: 2.75±0.10 μΩ∙m.) The experimental grade fibers exhibited slightly more than 
twice the resistivity of K1100 (a highly graphitic carbon fiber) but only about a fifth the 
resistivity of P25 (a fiber with low graphitic content).  
Furthuremore, the electrical resistivity values of MWCNT-modified and 0 wt% 
fibers were not found to be statistically significant at a 95% confidence level. The 
electrical resistivity of the CB-modified fiber was determined to be only slightly higher 
than that of the 0 wt% fiber, but not statistically significant from that of the MWCNT-
modified fiber. This suggests that, despite the observed textural differences (as presented 
in Chapter 2), the nanomodified fibers retained their superior ability to conduct 
electricity. Therefore, in application such as EMI shielding and lightning strike 
protection, nanomodified fibers would be as equally well suited as 0 wt% fibers in the 
dissipation of electrical charge. 
Within a given fiber type, split filaments appear to have a slightly lower electrical 
resistivity than unsplit filaments. For example, the measured electrical resistivity values 
for split and unsplit 0 wt% fiber are 2.47±0.08 and 2.65±0.06 μΩ∙m, a difference that is 
statistically significant at a 95% confidence level. CB-modified fiber shows a similar 
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difference in electrical resistivity between split and unsplit filaments (2.61±0.19 and 
2.80±0.12 μΩ∙m). However, the larger confidence intervals, particularly for the split 
filaments, result in no statistically significant difference between these two values. This is 
most likely the result of the small number of split filaments tested (6 split vs. 18 unsplit), 
and could possibly be improved by specifically selecting additional split filaments for 
measurement, similar to what was done with the 0 wt% samples. The splitting of K1100 
samples decreases the electrical resistivity by ~ 2%, but this difference is not statistically 
significant at a 95% confidence level.  
Although the removal of unsplit filaments from a tow as means of decreasing the 
bulk resistivity is impractical on an industrial scale, knowledge of an existing disparity in 
the electrical resistivity of split and unsplit fibers (of a given type) has value because it 
may elucidate further means by which a given set of fiber properties could be obtained 
from a given fiber structure. Within a given fiber type, material composition and 
processing are assumed to be consistent. However, two neighboring filaments within a 
tow (therefore produced at the same time) can have a statistically significant difference in 
electrical resistivity when one is split and the other not. This observation from the current 
study could help guide future fiber development from mesophase pitch precursors.  
 Next, the measured electrical resistivity values and the Issi-Lavin correlation 
[Lavin et al., 1993] were used to predict the thermal conductivity of each fiber type. 
These values are presented in the last two columns of Table 3.2. The predicted thermal 
conductivity of K1100 (865±19 W/m∙K) is only slightly lower than the 930 to 1000 
W/m∙K cited in the literature [Cytec Industries, 2010; Myers, 2011]. However, the 
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measured electrical resistivity value for P25 (12.4±0.3 μΩ∙m) falls outside the range of 
values (1 to 11 μΩ∙m) used to develop the Issi-Lavin correlation. The measured electrical 
resistivity values of the three experimental fibers (0 wt%: 569±18 W/m∙K, MWCNT-
modified: 533±20 W/m∙K, CB-modified: 532±15 W/m∙K) were all significantly higher 
than that of highly conductive metals used as heat sinks (cooper 388 W/m*K [Callister, 
2003]). 
Further, when the predicted thermal conductivity values were compared with the 
La,(110) values measured in Chapter 2 from x-ray diffraction data, it was observed that the 
in-plane crystallite size of K1100 (120±20 nm) is ~50% greater than that of 0 wt% 
(80±20 nm), MWCNT (80±20 nm) or CB (90±20 nm). Additionally, similarity of the 
predicted thermal conductivities  of the three experimental fibers agreed well with their 
similar La,(110) values. Overall, these results are in good agreement with the positive 
relationship between in-plane crystallite size and fiber thermal conductivity that has been 
noted in prior studies [Issi et al., 1987; Endo, 1988; Nysten et al., 1991; Lu et al., 2002]. 
Thus, the nanomodified fibers are excellent axial conductors of heat and would be 
excellent choices for thermal management applications. 
 
3.3.3 Tensile Properties 
The average tensile strength, strain-to-failure and tensile modulus for the three 
experimental fibers and the commercial grade fiber P55 (±95% CI) are presented in 
Table 3.3. For 0 wt% and CB-modified fibers, which have been shown to exhibit radial 
splitting, tensile properties are listed first for an unsorted batch of filaments, then only for 
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those that are unsplit and finally only those that are split. None of the MWCNT-modified 
or P55 filaments tested showed any evidence of splitting, so values for these two fiber 
types are for unsplit filaments only. As filament diameter is known to impact tensile 
properties [Lu et al., 2002], it is important to note that no statistically significant 
difference existed between the average diameter (± 95% CI) of the three experimental 
fibers. Further, as in the data presented by Cho [2003] and Hayes [1993], no correction of 
system compliance [Li and Langley, 1985] was applied to the tensile modulus data. 
The addition of MWCNT and CB modifiers appears to decrease fiber tensile 
strength by ~35% and ~30%, respectively. Although this is a noticeable improvement 
over earlier work by Ahn et al. [2006], which showed a ~45% decrease in tensile strength 
for fibers modified with 0.3 wt% MWCNTs, a decrease in tensile strength due to 
nanomodification runs counter to what would be expected based on the fiber cross 
sectional textures observed in Chapter 2.  
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Table 3.3: Average tensile strength, strain-to-failure and tensile modulus (± 95% CI) for 
the commercial grade carbon fiber P55 as well as the three experimental fibers (0 wt%, 








σ (GPa) ε (%) E (GPa) 




26 16.7±0.3 1.71±0.21 0.29±0.03 583±26 
Unsplit 19 16.5±0.3 1.68±0.36 0.32±0.06 503±48 
Split 20 16.7±0.4 1.72±0.22 0.29±0.04 593±23 




24 16.4±0.3 1.23±0.14 0.23±0.03 527±30 
Unsplit 18 16.3±0.3 1.18±0.17 0.22±0.04 519±38 
Split 6 16.6±1.1 1.36±0.20 0.25±0.03 550±50 
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As previously described by others [Endo, 1988; Huang and Young, 1994], the 
strong radial orientation of the graphitic structure and limited folding of graphitic pleats 
in the cross-section of the 0 wt% fibers (Figure 2.9) should provide relatively little 
inhibition against the propagation of cracks to critical length leading to filament failure 
under tensile stress. In contrast, the cross-sectional texture of the MWCNT-modified 
fibers was far more random with smaller pleats that exhibited significant folding (Figure 
2.10). This increased tortuosity of the structure of the filament should act as a toughening 
mechanism making it harder for cracks to propagate through the structure to the point of 
tensile failure. The cross-section of CB-modified fibers showed (Figure 2.11) an overall 
degree of orientation and pleat length intermediate to the MWCNT-modified and the 0 
wt% control fibers. Thus based on cross-sectional texture MWCNT-modified filaments 
should have the highest tensile strength, followed by the CB-modified and finally the 0 
wt% control.  
However, the above logic (frequently applied successfully in carbon fiber 
research) does not take into account the presence of poorly dispersed nanoparticles 
agglomerations or void volume spaces (often associated with nanoparticle 
agglomerations). Although the addition of well dispersed nanomodifiers toughens the 
“matrix” portion of a filament by altering its structure to a form that hinders crack 
propagation, agglomerations of nanoparticles and associated void volumes can act as 
micron sized defects, as shown in Figure 2.2. These defects act as seeds for crack 
formation and propagation increasing the chance (as compared to a fiber with fewer 
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defects) that multiple cracks may grow and combine to produce a critical length crack 
and tensile failure.  
Using SEM images of ~100 mesophase pitch fiber cross-sections, less than 2% of 
MWCNT-modified filaments observed had micron sized nanoparticle agglomerations, 
and no CB-modified fibers were found to have agglomerations of this scale. However, 
quantification of submicron scale agglomerations was quite difficult as the gold coating, 
used on the samples to reduce charging in the SEM, often partially obscured these 
features. For carbon fibers, which required no gold coating, lack of contrast between the 
graphitic fiber matrix and the carbon nanomodifiers made quantifying nanoparticle 
dispersion prohibitively difficult.  
Alternately, the fiber void volume (calculated from the measured fiber density and 
d002-spacing) gives a more comprehensive picture of the degree of defects within a 
sample. As shown in Table 3.1, the void volume of the MWCNT-modified fibers (2.2% 
≤ v0 ≤ 4.4%) is slightly higher than that of the CB-modified fibers (v0 = 2.2%), a result of 
the greater difficulty encounter in attempting to disperse a longer aspect ratio particles 
that are, by nature, entwined. Interestingly, void volume (0% < v0 ≤ 2.2%) was found to 
be present in the  unmodified 0 wt% control, confirming the presence of some voids 
unassociated with a nanoparticle. However, nanoparticle agglomerations appear to be 
responsible for a larger fraction of the voids and thus a significant number of the defects 
within the filaments. Hence, the greater number of defects within the MWCNT- and CB-
modified filaments appears to explain their lower tensile strength relative to the 0 wt% 
control.    
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 Further, although the difference in void fraction between the nanomodified and 0 
wt% fibers is quite low (just a few percent), for brittle materials like pitch-based carbon 
fibers, all that would be needed to decrease the tensile strength is one critical sized flaw 
somewhere in the 25 mm length of the sample. Thus, based on the results of these tensile 
experiments one focus for future work would be to improve dispersion of nanoparticles 
and/or to remove more agglomerations prior to fiber spinning through the use of a finer 
mesh density filter.  
The tensile modulus of both the MWCNT- and CB-modified fibers showed a 
~10% decrease relative to the 0 wt% control. This decrease in tensile modulus was in 
good agreement with the slightly lower axial orientation (larger FWHM of the (002) 
azimuthal as measured via WAXD) of both nanomodified fiber types, a well documented 
structure-property relationship in carbon fibers [Endo, 1988; Huang and Young, 1994]. 
As expected, the commercial grade P55 fiber, which has a FWHM of between five to ten 
times that of the experimental fibers [Huang and Young, 1994], possess a significantly 
lower tensile modulus.  
Interestingly, even this small decrease in tensile modulus as a result of 
nanomodification noticeably improved the handling quality of the nanomodified fibers. 
This observation is consistent with that for P55 fibers, which also handled far better than 
the control (0 wt%) fibers due to their lower tensile modulus. Thus, these nanomodified 
fibers would be more easily processed as continuous tows into composites, allowing for 
an increase in their overall usage.  
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A comparison of the tensile properties of unsplit and split fibers within a given 
fiber type (0 wt% or CB-modified) does not appear to have a statistically significant 
impact on fiber tensile strength. However, in the case of 0 wt% filaments, those that 
exhibited splitting had a tensile modulus ~15% greater than unsplit filaments. As 
discussed previously, a higher tensile modulus is known to correspond to a higher degree 
of axial orientation. Although not specifically measured in this study, one might expect 
that split filaments would possess a higher axial orientation than unsplit filaments. The 
reasoning being, the split itself is present because, as the freshly spun mesophase pitch 
filaments cool, cracks (formed as a result of residual stresses from the spinning process) 
can more easily propagate along the length of a filament in which the pitch molecules are 
well oriented parallel to the axial direction. During subsequent heat treatment mesophase 
pitch fibers with better orientation are known to produce carbon fibers with superior 
orientation [McHugh, 1994], and the crack (Figure 2.7) pulls open in to a “pac-man” 
type split (Figure 2.8a).  
 
3.3.4 Compressive Strength 
The binary response compressive strength data, obtained via the tensile recoil 
method, for P55, 0 wt%, MWCNT- and CB-modified fibers are presented in Figure 3.2. 
To convert the standard tabular data into a graphic representation, a method similar to 
that applied by Dobb et al. [1990] was used where filaments that exhibited compressive 
failure in both the upper and lower halves were given a value of negative one (F + F = -
1). Conversely, filaments that did not show compressive failure in either half (i.e. they 
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survived the test) were assigned a value of one (S + S = 1). Finally, in the case where one 
half of the filament failed in compression and the other did not, a value of zero was given 
(S + F = 0). This failure/survival data was then plotted vs. the compressive stress applied 
to the filament during testing. Further, to facilitate comparison between the fiber types, 
the abscissa of all four plots in Figure 3.2 are scaled to the same range of compressive 
stress values (0.20 GPa to 2.35 GPa).  
In order to obtain the compressive strength of a given fiber type by using the 
ranking method, one begins by distinguishing possible outliers within the data, as some 
of these data points are readily identified. For the P55 type fiber in Figure 3.2a, the data 
point at (0.35 GPa, 0) is most likely an outlier, but those at (1.00 GPa, 1) and (1.15 GPa, 
1) may or may not be. To account for this uncertainty, the compressive strength was 
estimated as a range of values where the high end of the interval was identified by 
selecting the highest 100% survival value (S + S =1) as 1.15 GPa, the lowest 100% 
failure value (F + F = 1) as 0.92 GPa and calculating their average to obtain 1.04 GPa. 
Similarly, the low end of the interval was obtained by selecting the highest 100% survival 
value as 0.78 GPa, the lowest 100% failure value as 0.92 GPa and calculating their 
average to obtain 0.85 GPa. This range for the fiber compressive strength (σC = 0.85 to 
1.04 GPa), along with the 95% confident interval of the average tensile strength (σT = 
1.70±0.13 GPa) are shown in Figure 3.2a.  
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Figure 3.2: Binary response compressive strength data obtained via the tensile recoil 
method for (a) P55, (b) 0 wt%, (c) MWCNT-modified and (d) CB-modified fibers.  
(c) 
(d) 
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As expected for this type of mesophase pitch-based carbon fibers [Dobb et al., 
1995; Hayes, 2003], the tensile strength of P55 is noticeable greater than the compressive 
strength, which is a condition necessary for the use of the tensile recoil method. Further, 
the compressive strength determined from the current data is in good agreement with the 
value of 0.90±0.10 GPa (where ±0.10 is one standard deviation, not the 95% confidence 
interval) that was determined by Hayes [1993], using a fitted Weibull distribution for 
analyzing the binary response data. 
The same procedure was applied to the binary response data obtained for the 0 
wt% samples (Figure 3.2b). Definite outliers were determined to be (1.27 GPa, 0), (1.45 
GPa, 1), (1.50 GPa, 1) and (1.60 GPa, 0). Possible outliers are identified as (1.09 GPa, 1), 
(1.23 GPa, 1), (1.24 GPa, 1) and (1.25 GPa, 1). Thus, the high end of the compressive 
strength interval was calculated by selecting the highest 100% survival value as 1.25 GPa 
and the lowest 100% failure value as 1.08 GPa to obtain a value of 1.16 GPa. The low 
end of the compressive strength interval was calculated by selecting the highest 100% 
survival value as 1.03 GPa and the lowest 100% failure as 1.08 GPa to obtain a value of 
1.05 GPa. So, the estimated compressive fiber strength (σC = 1.05 to 1.16 GPa) was 
determined to be lower than the average tensile strength (σT = 1.71±0.21 GPa), as 
pictured in Figure 3.2b. 
Interestingly, the two nanomodified fibers exhibited a different behavior from the 
0 wt% control, as shown in Figures 3.2c-d. As the selected tensile stress (the 
compressive stress applied to the filament after bisection by the high voltage electric arc) 
approached the average tensile strength (±95% CI) of the MWCNT-modified (1.12±0.11 
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GPa) and CB-modified (1.23±0.14 GPa) fibers, the majority of filaments failed in 
tension, thus inhibiting completion of the recoil test. Although filaments from both fibers 
types had exhibited 100% compressive failure at stress levels lower than the average 
tensile stress, 100% survival is also observed up to this point. In this case, the lower end 
of the compressive strength interval can be estimated for MWCNT-modified (σC,Lower = 
0.90 GPa) and CB-modified (σC,Lower = 0.98 GPa) fibers using the same method as was 
applied to P55 and 0 wt% fibers. However, the upper end of the interval is at least equal 
to the average tensile stress, perhaps greater, but measurement of these values would 
require the use of an alternate method, such as the elastic loop test [Dobb et al., 1990; 
Hayes, 2003]. 
Additionally, the fractured surfaces of the 0 wt% filaments that failed in 
compression exhibited a different appearance compared to those of the MWCNT-
modified filaments, as shown in Figure 3.3. The graphitic planes of the 0 wt% fiber were 
fractured both parallel and perpendicular to the fiber axis. However, the MWCNT-
modified fiber largely exhibited fracturing only perpendicular to the fiber axis, resulting 
in a nearly flat fracture surface. Such differences in the behavior of the fiber fracture 
mechanism have been observed for the commercial grade fibers by both Dobb et al. 
[1990] and Hayes [2003].  
As explained by Dobb et al. [1990], the fracture pattern observed for the 0 wt% 
filaments is typical of highly graphitic (high modulus) pitch-based fibers, which are well 
oriented and possess a sheet like texture. This type of structure provides relatively little 
resistance to shearing of the graphitic planes, allowing for cracks to easily propagate with 
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components both parallel and perpendicular to the fiber axis when an axial compressive 
stress is applied. However, the fracture behavior demonstrated by the MWCNT-modified 
filaments is representative of carbon fibers (such as the pitch-based fiber P25 and nearly 
all PAN-based fibers) with decreased perfection and orientation of the graphitic planes. 
For such fibers, the initial application of an axial compressive stress causes kink bands to 
form on one side of the fiber radius, as the structure begins to buckle. This causes the 
fiber to bend, resulting in a tensile stress on the other side of the fiber radius. Hence a 
dual mode failure (both tensile and compressive) often occurs producing the relatively 
flat fracture surface observed in Figure 3.3b. 
Therefore, the difference in fiber structure as a result of nanomodification with 
either MWCNTs or CB appears to have increased fiber compressive strength (0 wt%: 
1.08 to 1.16 GPa, MWCNT-modified: ≥0.90 GPa, CB-modified: ≥0.98 GPa), particularly 
relative to fiber tensile strength (σC/σT for 0 wt%: ~65%, MWCNT-modified: ≥80%, CB-
modified: ≥80%). This is an improvement over previous studies, which showed the 
compressive strength of filaments modified with a similar concentration of MWCNTs 
was no different than the 0 wt% control (0 wt%: 0.5±0.1 GPa vs. MWCNT-modified: 
0.4±0.1 GPa) [Ahn et al., 2006]. Additionally, the compressive strength of the earlier 
MWCNT-modified fibers was far lower than the tensile strength (σC/σT ~30%). The 
better compressive properties of fibers from the current study are believed to be the result 
of improved processing and better dispersion of nanoparticles.  
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Figure 3.3: FESEM images of fractured (a) 0 wt% and (b) MWCNT-modified fibers that 
failed in compression.    
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Of even greater importance is the observation that CB was able to produce the 
same improvements in compressive strength, as compared to MWCNTs, but at a far 
lower cost. Further, the higher compressive strength of both nanomodified fibers 
enhances flexibility allowing these fibers to be potentially woven as continuous tows into 
fabrics and composite performs. 
 
3.4 Conclusions 
As inferred from the similarity in density (~2.20 g/cm
3
) and d002-spacing (0.338 
nm) of the control and nanomodified fibers, the addition of nanomodifiers was 
determined to have only slightly increased the content of voids/flaws in the carbon fibers 
thus produced. The void content within the filaments was estimated at ~1% for the 0 wt% 
control, ~2% in CB-modified fibers, and ~3% in MWCNT-modified fibers. This is 
consistent with a majority of literature studies that have repeatedly shown the undesired 
introduction of such voids with the incorporation of nanomodifiers. However, the 
closeness in density and d002-spacing values between the experimental fibers and K1100 
(2.20 ≤ ρK1100 < 2.25 g/cm
3
, d002 = 0.337 nm) indicates that, although produced using a 
lab scale set-up, the quality of experimental fibers approached that produced on a 
commercial scale with regard to the graphitic content.   
The addition of MWCNT- or CB-modifiers resulted in a ~30% decrease in fiber 
tensile strength from the 1.71±0.21 GPa measured for 0 wt% fibers; this observation is 
consistent with most literature studies that show a decrease in tensile strength with the 
addition of a solid phase to a base polymer.  These current results represents a significant 
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improvement over previous studies where long aspect ratio MWCNTs were incorporated 
into mesophase pitch, which resulted in a ~45% decrease in tensile strength for fibers 
modified at a similar concentration of 0.3 wt% [Ahn et al., 2006]. Further increases in the 
tensile and compressive strength of nanomodified fibers could be obtained by the 
removal of micron sized particle agglomerations through higher intensity mixing and 
finer (relative to the 50 μm mesh used for the current work) filtering prior to fiber 
spinning. 
Additionally, nanomodification (either by MWCNTs, or the significantly lower 
cost CB) appears to improve fiber dexterity during handling by decreasing fiber tensile 
modulus (from 583±26 GPa for 0 wt%, to 520±26 GPa and 527±30 GPa for MWCNT- 
and CB-modified fibers) and potentially increasing compressive strength (from ~1.10 
GPa for 0 wt% fibers to greater than the average fiber tensile strength of 1.12±0.11 and 
1.23±0.14 GPa for MWCNT- and CB-modified fibers). This is achieved while still 
maintaining a low electrical resistivity of ~2.6 μΩ∙m (i.e., high conductivity) and an 
excellent thermal conductivity of ~550 W/m∙K. An improvement in fiber flexibility 
would allow for increased usage of these types of fibers in woven preforms that can 
ultimately be converted to composites (using polymeric or metal matrices) for 
applications that require the transfer and/or dissipation of electrical and thermal energy, 
especially where weight reduction (compared to pure metals) is important. 
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THERMAL CONDUCTIVITY OF MESOPHASE PITCH-BASED CARBON FIBERS 
AND THEIR COMPOSITES: UNIDIRECTIONAL COMPOSITE MEASUREMENTS 
VIA LASER FLASH ANALYSIS WITH INTERPRETATION OF RESULTS USING 
FINITE ELEMENT MODELING 
 
4.1 Introduction 
The accurate determination of carbon fiber thermal conductivity is a challenging 
task due to their small size and brittle nature. Further, for mesophase pitch-based carbon 
fibers the high graphitic content leads to such ultra high conductivity values (more than 
twice that of copper) that experimental techniques normally valid for low to moderate 
conductivity materials cannot be directly applied. The difficulty in performing these 
measurements is evidenced by the significant number of proposed techniques, both on 
single-filaments and composite samples, which have been reported in the literature 
[Piraux et al., 1987; Lavin et al., 1993; Yamane et al., 1996; Wagoner et al., 1999; 
Rochais et al., 2005; Lu et al., 2001].  
Traditional bulk steady-state methods, such as the guarded-hot-plate [ASTM 
Standard C177, 2013], can be applied to composite samples, and fiber conductivity can 
be calculated from the rule-of-mixture. However, this type of technique generally 
requires long measurement times and suffers from contact-resistance error. Additionally, 
although useful for design data, these measurements do not necessarily provide inherent 
material properties. Therefore, single-filament or single-tow measurements have offered 
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some alternatives that also require significantly less material. This group of techniques 
includes the indirect measurement of electrical resistivity [Lavin et al., 1993], the steady-
state thermal potentiometer method [Piraux et al., 1987], photoreflectance microscopy 
[Rochais et al., 2005], and several oscillatory methods, such as AC calorimetry [Yamane 
et al., 1996], Angstrom’s method [Wagoner et al., 1999] and 3-omega [Lu et al., 2001].  
This chapter discusses the use of an unsteady-state technique, laser flash analysis 
(LFA) [Parker et al., 1961; ASTM Standard E1461, 2011], as a method to determine 
carbon fiber thermal conductivity from measurements on its unidirectional composites. 
The LFA technique was developed as an alternative to steady-state methods, as it requires 
smaller disk-like samples with a thickness of ~0.5 to 3 mm and lateral dimensions of ~10 
mm by 10 mm. Measurement time is dependent on sample thickness and thermal 
diffusivity, but usually ranges between ~10 to 1000 ms. This is a small fraction of the 
duration required for steady-state techniques [ASTM Standard C177, 2013].  In the 
simplest case, where it can be assumed that sample surfaces are adiabatic and heat flow 
1-dimensional, the thermal diffusivity (α) is related to the sample thickness (L) and the 
time required for the top surface of the sample to rise to half its equilibrium temperature 
(t1/2) [Parker et al., 1961]: 
 2 1/ 20.1388 s sL t C     (4.1) 
If the density (ρs) and heat capacity (Cs) of the sample are known or measured 
independently, the thermal conductivity (κ) of the sample can also be calculated as the 
product of sample thermal diffusivity, density and heat capacity. 
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 Although Equation (4.1) is only strictly valid for homogeneous materials, the 
LFA method has been applied to heterogeneous materials such as carbon fiber/polymer 
composites [Demain and Issi, 1993; Kim et al., 2007], carbon/carbon composites [Taylor 
et al., 1985; Manocha et al., 2006], and epoxy filled carbon foams [Alam and Maruyama, 
2004]. Taylor et al. [1985] observed experimental LFA curves whose shape deviates from 
theoretical LFA solutions for measurements on 3-D carbon/carbon composites. 
Additionally, Alam et al. [2004] applied finite element analysis to interpret thermal 
diffusivity values measured on epoxy filled carbon foams, which were shown to 
preferentially conduct through the highly conductive carbon struts. In general, the large 
difference in material properties (thermal conductivity, specific heat, density) of the 
components in these composite materials have the potential to set-up multi-directional 
heat flow patterns when tested using an unsteady-state techniques, such as LFA. Thus, 
use of Equation (4.1) to calculate composite diffusivity may result in errors due to the 
breakdown of the one-dimensional heat flow assumption. As a result, data from 
experimental measurements of these types of materials require far more scrutiny than that 
of simple homogeneous materials.  
Therefore, the objectives of the present study were three fold. First, the accuracy 
of the LFA technique as a method for measuring the thermal conductivity of pitch-based 
carbon fibers was tested by applying the technique to unidirectional carbon fiber/polymer 
composites made from two types of commercial grade fibers whose conductivity values 
bracket almost two orders of magnitude (~10 and 1000 W/m*K). Second, LFA 
measurements were performed on unidirectional composites made from two experimental 
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grade mesophase pitch-based carbon fibers (0 wt% and MWCNT-modified) in order to 
determine if nanomodification, which has been shown to affect fiber structure, also has 
an impact on fiber thermal conductivity. The measured fiber thermal conductivity values 
were then compared to those determined indirectly via the measurement of electrical 
resistivity and those cited in the literature.  
Third, finite element analysis was applied in order to simulate the transient heat 
flow experienced by experimental samples during LFA. An envelope of sample 
parameters (fiber volume fraction, fiber thermal conductivity, sample thickness, graphite 
layer thermal resistance, etc.) was thereby identified over which heat flow is primarily 
uniaxial and the rule-of-mixtures is generally valid for predicting fiber thermal 
conductivity from composite measurements. The use of mathematical modeling enabled 
the exploration of a much wider range of parameters than would have been possible with 
pure experimentation. 
 
4.2 Experimental Method 
It is noted that carbon fibers, especially those that are highly graphitic (namely, 
K1100), cannot be bundled in a dry state to form the thin disks (~10 mm long, ~10 mm 
wide, but only ~1 mm thick) that are needed for LFA testing. Therefore, carbon fibers 
need to be consolidated in an epoxy matrix to form axially aligned unidirectional 
composites with the fiber direction being parallel to the overall heat flow direction during 
LFA testing, as shown in Figure 4.1. Thus, with reference to the plane, the fiber 
orientation is perpendicular (i.e. not in the plane).   
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Figure 4.1: Schematic of an LFA carbon fiber/epoxy composite sample showing 
graphite and silver coating layers and fiber orientation parallel to the testing direction. 
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Two commercial grade mesophase pitch-based carbon fibers, P25 and K1100 
(Cytec Industries Inc.), were used to produce control samples whose fiber thermal 
conductivity bracketed two orders of magnitude (~10 to 1000 W/m*K). Additionally, 
composite samples were made from the two experimental grade mesophase pitch-based 
carbon fibers 0 wt% and MWCNT-modified, whose preparation was discussed in Chapter 
2. It should be noted that, unlike the two commercial grade fibers, the experimental grade 
fibers were not sized and therefore were more difficult to handle.  
The composite matrix was a bisphenol-A based epoxy (EPON 828) with an 
aliphatic amine curing agent (Epikure 9553) mixed in a stoichometeric 100:15.4 weight 
ratio. The matrix thermal conductivity, heat capacity and density (± 95% CI) were 
experimentally measured to be 0.19 ± 0.03 W/m*K, 1.22 ± 0.07 J/g*K, and 1.15 ± 0.05 
g/cm
3
. The heat capacity of the graphitic carbon for all four fiber types was known to be 
0.71 J/g*K [Cytec Industries, 2010]. The density values for P25, K1100, 0 wt% and 
MWCNT-modified fibers were measured to be 1.90 < ρf ≤ 1.95 g/cm
3
, 2.20 ≤ ρf < 2.25 
g/cm
3
, 2.20 ≤ ρf < 2.25 g/cm
3
 and 2.15 ≤ ρf ≤ 2.20 g/cm
3
, as was presented in Chapter 3.   
The LFA samples were produced by first consolidating individual 50 mm long 
fiber tow sections, wetted with epoxy, into 1 mm thick prepregs using the vacuum 
bagging setup shown in Figure 4.2a. Uniaxial fiber/epoxy composites blocks of 50 mm x 
10 mm x 10 mm were fabricated by laying up the B-staged prepregs in silicone molds 
(Figure 4.2b). The composite blocks were cured at room temperature for 24 hours. Cured 
samples were removed from the molds and postcured for 2 hours at 120˚C (Figure 4.2c). 
Average fiber volume fractions (± 95% CI) of 0.23 ± 0.02, 0.21 ± 0.02, 0.14 ± 0.02 and 
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0.14 ± 0.02 were achieved for the P25, K1100, 0 wt% and MWCNT-modified fiber 
composites, as determined using light microscopy. 
The LFA samples, displayed in Figure 4.2d, were cut from composite blocks into 
square disks nominally 10 mm by 10 mm and 1 or 2 mm thick, using a sectioning saw 
with a diamond blade. Samples surfaces were polished to a smooth finish using a fine grit 
SiC paper. Next, the thickness of each sample (in the testing direction) was measured 
with an electronic micrometer. Then per ASTM Standard E1461 [2011], all samples were 
sputter coated with silver (~100 nm thick) to prevent light penetration through the 
transparent epoxy matrix within the unidirectional composite (during flash testing). 
Finally, a graphite coating (~20 μm thick, SEG Aerosol Spray, Zyp Coatings) was 
sprayed on the top and bottom surfaces of the samples, as recommended in the standard 
LFA testing protocol. These layers are necessary to enhance absorption of energy from 
the light/laser flash at the lower surface, and to act as a black body radiator for accurate 
temperature measurements by the IR detector at the top surface [Albers et al., 2001; 
Cernuschi et al., 2002].  
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Figure 4.2: (a) Vacuum bagging setup used to produce LFA composite samples. (b) B-
stage prepregs being inserted into a silicone mold. (c) Post cured composite block. (d) 
LFA composite samples coated with silver (left) and then an aerosol graphite powder 
(right).  
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The Netzsch LFA 447, employed for these studies, has the option of applying a 
light pulse duration (tpulse) of 100 µs, 400 µs or 700 µs to the lower surface of the sample 
to provide heat input. Although a longer pulse length imparts more energy to the sample, 
thus improving the signal to noise ratio of temperature measurement on the upper surface, 
errors due to temperature dependence of sample properties increases. Additionally, as 
sample conductivity increases and t1/2 approaches tpulse, error from finite pulse length also 
increases [Cape and Lehman, 1963].  
For the K1100, 0 wt% and MWCNT-modified composites, a 100 µs light pulse 
was used exclusively because of the shorter half-time values, a result of the higher 
thermal conductivity of the fibers. For the P25 composites, measurements were obtained 
with both 100 and 400 µs pulses as the large half-time of the sample resulted in a lower 
sensitivity to the finite pulse error, and the larger pulse provided a better signal to noise 
ratio. Five replicate scans were obtained per sample for all four fiber types. Three 
replicate samples were tested for each commercial fiber type and thickness. Four 
replicate samples were tested for each experimental fiber type and thickness.  
As additional control specimens, two homogeneous materials (101 copper alloy 
and 303 stainless steel) were also tested whose thermal diffusivities were significantly 
different from each other, but corresponded to those of the two different commercial 
grades of fiber/epoxy composites. Circular disks of 12.7 mm diameter were cut from rods 
of each material. The surfaces were lightly polished to remove any roughness or fouling 
from the cutting process. For copper, sample thickness was varied over four levels: 1, 1.5, 
2 and 3 mm. Due to the lower thermal diffusivity of stainless steel, the range of sample 
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thicknesses chosen (0.5, 1 and 1.5 mm) was slightly lower than that of copper. Because 
these samples were opaque, no silver layer was required, but the graphite coating was 
applied.  
A light pulse duration of 100 µs was used for thinner samples (SS: 0.5 mm, Cu: 1 
and 1.5 mm) to minimize finite pulse error, as these samples have relatively small t1/2 
values. For thicker samples (SS: 1 and 1.5 mm, Cu:  2 and 3 mm), a light pulse of 400 µs 
was applied. Five replicate scans were obtained per sample, and four replicate samples 
were tested for each sample type and thickness.  
 
4.3 Experimental Results and Discussion 
4.3.1 Homogenous Samples 
Representative LFA curves obtained experimentally from the Cu 101 and SS 303 
samples are presented in Figure 4.3 and Figure 4.4, respectively. For all four thicknesses 
of Cu 101, a sharp peak was detected in the LFA curves at t = 0 and was due to light 
leakage around the edge of the samples during the firing of the flash lamp. The peak was 
also detected in the 0.5 mm thick SS 101 sample curves, less so for the 1 mm thick 
samples, but was not distinguishable from baseline noise for the 1.5 mm thick samples. 
These observations resulted from the rate at which data was collected relative to the 
duration of the flash lamp pulse. Regardless of the duration of the experiment, the LFA 
software collects 2000 data points per run. For the Cu 101 samples, the temporal 
resolution ranged from ~6 μs for the thinnest samples to ~50 μs for the thickest samples, 
which easily enabled detection of the ~100 µs to 400 µs pulse width applied to initiate the 
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experiment. Similarly for the 0.5 mm thick SS 101 samples, the temporal resolution of 
data collection was ~30 μs, only one-third that of the ~100 µs pulse width. However, as 
sample length increased to 1 mm and finally to 1.5 mm, the temporal resolution 
decreased to ~200 µs and 400 µs. The rate of data collection then approached the pulse 
width (~400 µs), and detection of the flash pulse was far more difficult. 
In addition to the experimental LFA data presented in Figure 4.3 and Figure 4.4, 
the 1-dimensional, adiabatic, analytical curve of best fit [Parker et al., 1961], as 
determined by the Koski method [Koski, 1981], is also included for each curve. The 
excellent agreement between the analytical fit and experimental curves suggests that the 
heat flow within the sample was primarily 1-dimensional through the thickness direction 
of the sample and very little heat loss occurred at the sample surfaces. Under these 
conditions, Equation (4.1) can be used to accurately determine the average sample 
thermal diffusivity (αs = α) from half-time values obtained from experimental LFA 
curves. A comparison of these values with those taken from the literature, all of which 
are presented in Table 4.1, shows those obtained experimentally to be lower than 
literature values. This difference is especially apparent for the highly conductive Cu 101 
samples and also appears to increase with decreasing sample thickness. 
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Figure 4.3: Representative LFA curves from (a) 1 mm, (b) 1.5 mm, (c) 2 mm and (d) 3 
mm thick Cu 101 samples. 
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Figure 4.4: Representative LFA curves from (a) 0.5 mm, (b) 1 mm and (c) 1.5 mm thick 
SS 303 samples. 
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Table 4.1: Average sample thermal diffusivity and conductivity values (±95% CI) for SS 
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 The above mentioned relationship between the experimentally determined thermal 
diffusivity and sample length is a result of the resistance added by the presence of the 
graphite layers [Lim et al., 2009]. Although an increased sample thickness improves 
consistency with literature values, sample size is limited by the assumption of adiabatic 
boundaries and the detection limits of the temperature measurement device (usually an IR 
detector). Thus, a thicker sample requires longer measurement times for the heat wave to 
propagate through the sample, which allows for more heat loss at the exterior boundaries. 
Additionally, the light pulse, which initially heats the sample, is designed to add only a 
limited amount of energy. Therefore, a thicker sample, which has a larger total heat 
capacity, will result in a lower temperature rise. The addition of excessive energy to the 
sample can result in measurement error from the temperature dependence of material 
properties [Hasselman and Merkel, 1989]. 
A few methods have been presented in the literature to directly take into account 
the error resulting from the graphite layers [Taylor, 1983; Kim and Kim, 2008; Lim et al., 
2009]. However, these require knowledge of the graphite layer properties such as density, 
heat capacity, thermal conductivity and thickness. Experimentally, these values are not 
always easily determined. Additionally, these methods do not take into account 
interfacial resistance between the graphite coating and sample.  
Therefore, we propose an empirical correction where we assume that the graphite 
coating and sample act like resistors in series. Thus, the observed half-time (t1/2,observed) is 
a sum of the sample half-time (t1/2) plus some additional time due to resistance within the 
Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 110 
graphite layers and the sample-graphite layer interfacial resistance (Δtg), as shown in 
Equation (4.2).  
1/ 2, 1/ 2observed gt t t   (4.2) 
Equation (4.1) and Equation (4.2) can be combined to produce Equation (4.3). 
Thus, for a given material, where t1/2,observed is measured for at least two different sample 
thicknesses but coated with the same graphite layers (same Lg and αg), the slope of a 
t1/2,observed versus L
2
 plot can be used to experimentally determine a corrected sample 
thermal diffusivity (αs). Figure 4.5 displays this data for Cu 101 and SS 303 together 
with the linear least squares (LLS) fit for each sample type. Both the Cu 101 and SS 303 
data are well represented by the LLS fits, indicating the slope of these lines may provide 
a meaningful measure of the reciprocal of thermal diffusivity. As presented in Table 4.1, 
the corrected thermal diffusivity values for Cu 101 and SS 303 are in excellent agreement 
with those found in the literature.  
2
1/ 2, 0.1388observed s gt L t   (4.3) 
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Figure 4.5: Plot of t1/2,observed vs. L
2
 data and respective LLS fits for Cu 101 and SS 303 
samples.  
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Finally, the thermal conductivity (κs) for all samples was calculated using 
Equation (4.4), where values of sample density (ρs) and heat capacity (Cs) were taken 
from the literature [Callister, 2003]. Trends in thermal conductivity data (presented in 
Table 4.1) match those previously observed for the thermal diffusivity. Again, sample 
thermal conductivity calculated from experimental data matched well with those values 
cited in the literature. Thus, the impact of graphite layer resistance on LFA measurement 
accuracy, particularly for highly conductive samples, is well neutralized by the use of the 
empirical method described above.  
s s s sC    (4.4) 
 
4.3.2 Commercial Grade Carbon Fiber Composite Samples 
Typical LFA curves for 1 mm and 2 mm thick, uniaxial composites containing the 
commercial grade fibers P25 and K1100 are presented in Figure 4.6 and Figure 4.7. 
Similar to homogeneous samples, the LFA data obtained from commercial grade fiber 
composites match well with the 1-D analytical solution for both sample lengths and fiber 
types. Again, this confirms that heat flow within these composites was primarily 1-
dimensional (in the fiber direction) during LFA testing and that little heat was lost from 
sample surfaces. Hence, Equation (4.1) can be used to determine composite thermal 
diffusivity (αc = α) from half-time values obtained from experimental curves. 
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Figure 4.7: Representative LFA curves from (a) 1 mm and (b) 2 mm thick K1100 
composite samples. 
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The composite conductivity (κc) was calculated from the composite thermal 
diffusivity, density (ρc) and heat capacity (Cc) using Equation (4.4), where the composite 





and Cm), volume fraction (vf and vm) and mass fraction (mf and mm) 
values, using rule-of-mixtures:  
c f f m mv v     (4.5) 
c f f m mC C m C m   (4.6) 
Finally, the fiber thermal conductivity (κf) was calculated from the composite 
conductivity, matrix conductivity (km) and matrix and fiber volume fractions, again using 
rule-of-mixtures: 
 c f f m m f c m m fv k v k v v         (4.7) 
Experimentally determined composite thermal diffusivity and fiber thermal 
conductivity values, along with fiber thermal conductivity values taken from the 
literature, are presented in Table 4.2. As was observed for the two homogenous sample, 
experimentally determined values are lower than those cited in the literature, with error 
being greatest for the thinnest sample (1 mm) containing the most highly conductive 
fibers (K1100). However, when the empirical correction for graphite layer resistance 
(Equation (4.3)) is applied to the data (Figure 4.8), the corrected fiber thermal 
conductivity values are in much better agreement with those found in the literature. 
Additionally, it is noted that experimentally a 10% variation in fiber properties from lot-
to-lot is common. Further, the accuracy of fiber thermal conductivity prediction is 
controlled not only by the quality of the LFA measurement on the composite, but also the 
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uncertainty in the values of ρf,
 
ρm, Cf, Cm, km, and vf. Finally, damage or misalignment of 
fibers within the composite can only reduce the apparent thermal conductivity of fibers 
measured using this method. The brittle nature of K1100 and other mesophase pitch-
based carbon fibers, a result of their highly graphitic nature, makes them particular 
vulnerable to damage. 
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Table 4.2: Average composite thermal diffusivity and conductivity as well as fiber 
thermal conductivity (±95% CI) for P25 and K1100 samples experimentally determined 













2.6±0.1 2.7±0.1 2.8±0.1 — 
кc 
(W/m*K) 
3.5±0.4 3.8±0.4 3.9±0.4 — 
кf 
(W/m*K) 








77±16 105±12 122±15 — 
кc 
(W/m*K) 
112±32 152±29 177±35 — 
кf 
(W/m*K) 
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Figure 4.8: Plot of t1/2,observed vs. L
2
 data and respective LLS fits for both P25 and K1100 
composite samples.  
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4.3.3 Experimental Grade Carbon Fiber Composite Samples 
Representative LFA curves for 1 mm and 2 mm thick composite samples 
containing the experimental grade 0 wt% and MWCNT-modified fibers are shown in 
Figures 4.9 and 4.10. The 1-D analytical fit and experimental LFA curves for the 0 wt% 
and MWCNT-modified composites do not match as well as they do for the homogenous 
samples. Additionally, the apparent thermal diffusivity values for the experimental fiber 
composites decrease with increasing sample thickness, and the corrected values of αc 
(obtained from a linear fit of the t1/2,observed vs. L
2
 data shown in Figure 4.11) are lower 
still, as presented in Table 4.3. This trend is opposite that observed for the homogenous 
samples in Table 4.1. 
The corrected fiber thermal conductivity for the 0 wt% and MWCNT-modified 
samples were 514±179 W/m∙K and 468±127 W/m∙K. Overall these values determined 
from bulk, composite measurements using the LFA method were nominally 10% lower 
than those obtained from single filament electrical resistivity measurements using the 
Issi-Lavin correlation (0 wt%: 569±18 W/m∙K, MWCNT-modified: 533±20 W/m∙K). 
This is not surprising because bulk, composite measurements are always affected by 
some degree of fiber breakage and misorientation during composite processing. However, 
the fiber thermal conductivity values obtained from bulk measurements show a similar 
trend to those produced from the single filament method, with the thermal conductivity of 
the MWNCT-modified fiber being slightly lower. 
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Figure 4.10: Representative LFA curves from (a) 1 mm and (b) 2 mm thick MWCNT-
modified fiber composite samples. 
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Table 4.3: Average omposite thermal diffusivity and conductivity as well as fiber 
conductivity values (±95% CI) for 0 wt% and MWCNT-modified samples, 













56±5 50±6 48±7 
кc 
(W/m*K) 
81±14 72±15 70±16 
кf 
(W/m*K) 







49±4 45±1 43±2 
кc 
(W/m*K) 
71±11 64±7 62±8 
кf 
(W/m*K) 
541±160 486±125 468±127 
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Figure 4.11: Plot of t1/2,observed vs. L
2
 data and respective LLS fits for both 0 wt% and 
MWCNT-modified composite samples.  
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Further, it is noted that the through-thickness conductivity of the 0 wt% and 
MWCNT-modified composite were measured to be 70±16 W/m∙K and 62±8 W/m∙K. The 
transverse thermal conductivity of a composite (perpendicular to the fiber direction) is 
known to be almost an order of magnitude lower than that measured parallel to the fiber 
direction [Tian, 2011]. Thus a transverse thermal conductivity of only ~10 W/m∙K would 
be expected for the experimental fiber composites. This is an obvious consequence of the 
carbon fibers being orientated through the thickness in the current study. Therefore, the 
current results not only establish a technique to estimate carbon fiber bulk properties, but 
also demonstrate how the high thermal conductivity of these fibers may be used in their 
composite form for real world thermal management application at low-moderate fiber 
content (10 to 25% vf).  
Finally, although the single-filament measurements and LFA composite 
estimations both showed a slight decrease in fiber thermal conductivity due to 
nanomodification, numerical differences in thermal conductivity values for a given fiber 
type were nonetheless observed between the two measurement methods. Therefore, 
examination of the assumptions made in the LFA method when applied to composite 
samples was warranted. Specifically, Equation (4.1) was derived assuming 1-
dimensional heat flow within the sample and adiabatic boundary conditions. Although the 
1-dimensional heat flow assumption is appropriate for homogeneous materials, 
differences in thermal properties of the components in composite materials could result in 
transverse temperature gradients and channeling of heat flow through the more 
conductivity fiber. Furthermore, despite the fact that simple rule-of-mixtures is well 
Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 123 
established for steady-state heat flow, its application to transient heat flow is not nearly as 
assured. Therefore, to determine the envelope of material and testing parameters where 
the heat flow is nominally 1-dimensional and rule-of-mixtures can be used, finite element 
analysis was performed.  
 
4.4 Finite Element Model Development 
Finite element analysis was performed using FlexPDE 6.09 Professional Version 
(www.pdesolutions.com). This software was run on a Dell Optiplex 960 (Windows Vista 
2007) with an Intel Core 2 Quad CPU (2.83 GHz) and 8 GB of RAM. The average time 
to complete a simulation on this system was ~4 hours.  
In order to model the LFA process, the geometry of the unidirectional composite 
samples was simplified as an array of carbon fibers evenly packed within the matrix, as 
illustrated in Figure 4.12. A single fiber surrounded by a polymer matrix formed the 
representative volume element (RVE). The actual test specimen is made up of thousands 
(to millions) of such RVEs along the lateral directions, but calculations are required for 
only one such element due to symmetry at the boundary of each element and along the 
axis of each fiber. Thus, a 2-D axisymmetric model of a single fiber surrounded by a 
polymer matrix was used for this work. The graphite layers that are applied to the upper 
and lower surfaces of experimental samples to increase thermal energy absorption from 
the flash and to improve temperature detection [Albers et al., 2001; Cernuschi et al., 
2002] were also included in the FE analysis. 
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Figure 4.12: Multi-scale representation of a uniaxial composite, showing a single fiber 
and matrix as the representative volume element (RVE). Symmetry conditions reduce the 
RVE to the 2-D geometry, shown on the right. 
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A fiber radius of 5 μm, which is typical of carbon fibers, was used throughout this 
analysis. Fiber volume fraction was varied by changing the thickness of the matrix layer 
(Rm) in the radial direction. For each fiber type, two different values of fiber volume 
fraction (0.2 and 0.6 vf) were modeled. The higher value corresponds to the volume 
fraction achieved in commercially produced composites, while the lower value matches 
that typical for experimental samples. Sample thicknesses (L) of 1 mm and 2 mm were 
modeled to reflect the common size of experimental LFA samples.  
The vertical boundaries of the geometry (R = 0 and 5 + Rm μm) were defined to 
be adiabatic because of symmetry. The horizontal boundaries (Z = 0 and L + 2*Lg) were 
also specified to be adiabatic, as it was assumed that little heat flow would occur across 
these exterior surfaces due to short measurement times and the low conductivity of air 
surrounding the sample.  
Typical ambient material properties are presented in Table 4.4, and model 
parameters were chosen to reflect these values. Therefore, the polymer matrix was 
modeled with a representative density (ρm) of 1 g/cm
3
, heat capacity (Cm) of 2 J/g*K and 
an isotropic thermal conductivity (km = km,R = km,Z) of 0.1 W/m*K throughout, which 
corresponds to a matrix thermal diffusivity (am) of 0.05 mm
2
/s. Modeling results were 
found to be relatively insensitive to small changes in the material properties chosen for 
the matrix. Therefore, as long as a polymer matrix is used for experimental samples, 
trends presented in this work are valid. 
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Table 4.4: Typical material properties of polymer matrices, carbon fibers and graphite 














 0.9 to 1.5 0.7 to 2.3 0.1 to 0.5 
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[Toray Carbon Fibers Inc., 2011] 
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The heat capacity (Cm) and density (ρf) for modeled fibers were set at 2 g/cm
3
 and 
1 J/g*K. For simplicity, two different isotropic thermal conductivity (kf = kf,Z = kf,R) 
values of 10 and 1000 W/m*K were assigned to the first two fiber types modeled, which 
correspond to fiber thermal diffusivity (af) values of 5 and 500 mm
2
/s, respectively. 
However, it is known that carbon fibers can exhibit extremely anisotropic thermal 
properties (kf,z ≠ kf,r). To quantify the effects of this anisotropy on LFA measurements, a 
third fiber type was assigned an axial conductivity (kf,z) of 1000 W/m*K (equivalent axial 
thermal diffusivity of 500 mm
2
/s) and a radial conductivity (kf,r) of 10 W/m*K 
(equivalent radial thermal diffusivity of 5 mm
2
/s.)  
The bulk properties of the graphite layers can vary some due to the method of 
application and are also not as easily quantified. Therefore, the resistance added to the 
sample by the presence of these graphite layers is explored by varying the graphite layer 
thermal conductivity and thickness over two levels. The lower resistance graphite layer 
had a density (ρg), heat capacity (Cg), thermal conductivity (kg) and thickness (Lg) of 1 
g/cm
3
, 1 J/g*K, 3 W/m*K (ag = 3 mm
2
/s) and 5 µm. For the higher resistance graphite 
layer ρg = 1 g/cm
3
, Cg = 1 J/g*K, kg = 1 W/m*K (ag = 1 mm
2
/s) and Lg = 20 µm. 
Thermal resistance across the fiber-matrix interface (RI,f-m) and composite-
graphite layer interfaces (RI,g-c) were also considered for a limited number of samples for 
which there would be the largest expected impact on the heat flow. Interfacial resistance 
was modeled using Equation (4.8), where qI is the heat flux across the boundary and the 
ΔTI is the temperature drop across the interface [Shenogin et al., 2004; Lee et al., 2011]. 




*K/W was chosen, as it is representative 
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of a typical carbon fiber-polymer matrix composite [Macedo and Ferreira, 2003]. The 
graphite coating is applied to the sample via an aerosol spray, so the bonding between the 
graphite layer and the composite is expected to be poorer than that between the fiber and 













 (4.8)  
The two-dimensional, unsteady-state heat transfer equation with a thermal 
conductivity tensor, as described by Equations (4.9-10), formed the basis for the FE 
analysis. The density (ρ), heat capacity (C), radial (kR) and axial (kZ) thermal 
conductivity values were specified as input parameters for the three materials (fiber, 




















   (4.10) 
The initial temperature profile imparted on a sample by the laser flash was 
approximated using an exponential decay function:  
 
    
 














The pretest temperature of the sample (Tini) was chosen to be 25
o
C. The parameters τ = 
1000 
o
C, η = 100, and λ = 0.1 were selected such that the maximum temperature rise at 
the lower surface of the composite is under 50°C, and the composite equilibrium 
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temperature rises only about 1°C above Tini, which matches well with typical 
experimental conditions [Hasselman and Merkel, 1989; Taylor, 1998]. 
Although modeled as an instantaneous event, the actual flash duration is on the 
order of 0.1 ms for higher conductivity samples, while a duration of 0.4 ms is more 
common for less conductive samples. Therefore, simulation results at such short 
durations are not expected to match with experimental counterparts. However, for longer 
durations of simulation, the effect of finite pulse time is expected to become small. 
Furthermore, the LFA method is typically based on a relative temperature scale 
(ΔT=T - Tini), normalized with respect to the equilibrium temperature rise (ΔT/ΔTEQ). 
Therefore, simulated LFA curves were created from top surface temperature (ΔT/ΔTEQ @ 
z = Zmax) as a function of time. Although the top surface temperature of the RVE can be a 
function of the radial position, the area over which temperature is measured 
experimentally is much larger (5 mm) than that of the RVE. Thus, an area-average 
temperature was used to create LFA curves. Equations (4.1 and 4.3) were used to 
predict composite thermal diffusivities (αc) from t1/2 values, which were obtained from 
LFA curves. Composite conductivity (κc) and fiber thermal conductivity (κf) were 
subsequently calculated using Equations (4.4-7). 
 
4.5 FEM Results and Discussion 
4.5.1 Homogeneous Samples 
To validate the FEM geometry and initial/boundary conditions, both the fiber and 
matrix regions were assigned identical material properties, resulting in a homogenous 
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sample. These simulations were conducted for 1 and 2 mm thick samples with a range of 
thermal conductivities (ks = 1, 10, 100, 1000 W/m*K) with ρsCs = 2 J/cm
3
*K. Thus, the 
sample thermal diffusivities (as = 0.5, 5, 50, 500 W/m*K) bracketed those expected for 
the composite samples, as calculated by rule-of-mixtures. For each combination of 
sample thickness and thermal diffusivity, simulations were run for graphite layers having 
both low (kg = 3 W/m*K, Lg = 5 µm) and high thermal resistances (kg = 1 W/m*K, Lg = 
20 µm).  
Temperature profiles of these homogeneous samples, from initialization to 
equilibrium, exhibit only z-direction temperature gradients, and thus verified the 
existence of only z-direction heat flow. Therefore, the FEM model accurately predicts the 
one-dimensional heat flow through a homogenous sample with adiabatic boundary 
conditions. As observed by comparing the first and last columns in Table 4.5, individual 
sample thermal diffusivity (αs) values for the 1 and 2 mm samples were predicted from 
FE analysis t1/2 data using Equation (4.1). Similarly to experimental observations, the 
added resistance from the presence of the graphite layers caused the predicted sample 
thermal diffusivity and thermal conductivity (αs and κs) to be less than the input values (as 
and ks). This error becomes larger with shorter, more conductive samples, and as the 
graphite layers thermal resistance increases. The effect of the graphite layers can be 
largely compensated for by using the regression method presented in Equation (4.3) and 
discussed in the Experimental section to obtain a corrected sample thermal diffusivity. As 
shown in Table 4.5, most of the corrected values are within 1% of the specified sample 
thermal diffusivity; only the highest diffusivity sample (as = 500 mm
2
/s) coated with the 
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highest resistivity graphite layers had an error of about 4%. However, it should be noted 
that few materials possess a bulk thermal diffusivity higher than (or even close to) 500 
mm
2
/s. Thus, these results suggest an upper limit on the error expected when applying the 
regression method to homogeneous samples.  
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Table 4.5: Comparison of FE simulation input thermal conductivity and thermal 
diffusivity values with those predicted from simulations generated t1/2 data for 1 mm and 















1 mm 2 mm Corrected Corrected 
1 0.5 
3, 5 0.49 0.50 0.50 1 
1, 20 0.48 0.49 0.49 0.99 
10 5 
3, 5 4.9 5.0 5.0 10 
1, 20 4.7 4.9 4.9 9.9 
100 50 
3, 5 49 50 50 100 
1, 20 42 47 49 99 
1000 500 
3, 5 480 490 500 1000 
1, 20 200 360 480 960 
 a
Input sample thermal diffusivity calculated as as=ks/(Csρs). 
b
Predicted sample thermal diffusivity calculated from FEM t1/2 data using Equation 
(4.1) for individual lengths and Equation (4.3) for “Corrected” values.  
 c
Predicted sample thermal conductivity calculated as кs=αsCsρs. 
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4.5.2 Unidirection Composite Samples 
Once verified, the FEM was used to simulate laser flash analysis on composite 
samples. For those samples containing the highest conductivity fiber (kf = 1000 W/m*K) 
at vf = 0.20, particularly for 1 mm thick samples, deviation from the 1-dimensional, 
analytical solution was observed. A comparison of Figures 4.13(a) and Figure 4.13(b), 
where kg = 3 W/m*K, Lg = 5 µm and Rg-c → 0, suggests that the addition of a typical 




*K/W) to the simulations had 
little quantitative effect on heat flow through the sample. However, both simulations 
show some deviation from the 1-dimensional, analytical solution, and resulted in a 
significant over prediction of composite thermal diffusivity (and fiber thermal 
conductivity), as summarized in Tables 4.6-7. The input composite thermal diffusivity 
(ac), as calculated from model input parameters of kf, km, ρf, ρm, Cf, Cm and vf using rule-
of-mixtures is 100 mm
2
/s. The predicted composite thermal diffusivity (αc) calculated 
from FEM t1/2 data using Equation (4.1) is 136 mm
2
/s for Rf-m,I → 0, and the predicted 
diffusivity is 140 mm
2




*K/W. Furthermore, the predicted fiber thermal 
conductivity values (κf = 1370 W/m*K and 1400 W/m*K) calculated using Equations 
(4.5-7) are higher than the specified fiber conductivity (kf = 1000 W/m*K.) 
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Figure 4.13: Simulated ΔT/ΔTEQ vs. t curves for 1 mm composites containing the highest 
conductivity fiber (kf = 1000 W/m*K) at 0.2 vf, where (a) kg = 3 W/m*K,  Lg = 5 μm, RI,f-




*K/W, RI,g-c → 0, (c) kg 




*K/W → 0, and (d) kg = 1 W/m*K,  
Lg = 20 μm, RI,f-m → 0, RI,g-c → 0. 
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Table 4.6: Comparison of FE simulation input fiber thermal conductivity values with 












1 mm 2 mm Corrected 
10 
0.2 
3,5 9.9 9.9 10 
1,20 9.6 9.8 9.9 
0.6 
3,5 9.9 10 10 
1,20 9.5 9.8 9.9 
1000 
0.2 
















890 960 980 
1,20 770 910 970 
0.6 
3,5 980 990 1000 
1,20 310 490 980 
a
Predicted fiber thermal conductivity calculated from αc  
(Table 4.7) as κf  (αcCcρc-kmvm)/vf.   
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Table 4.7: Comparison of FE simulation input composite thermal diffusivity values with 


















1 mm 2 mm Corrected 
1.0 0.2 
3,5 1.0 1.0 1.0 
1,20 0.99 1.0 1.0 
3.1 0.6 
3,5 3.0 3.1 3.1 
1,20 2.9 3.0 3.0 
100 0.2 
















88 95 98 
1,20 77 91 97 
305 0.6 
3,5 300 305 305 
1,20 160 240 300 
a
Input composite thermal diffusivity calculated as ac = kc/(Ccρc),  
where kc, Cc, and ρc are calculate from model input parameters  
of kf (Table 4.6), km, ρf, ρm, Cf, Cm and vf using rule-of-mixtures.  
b
Predicted composite thermal diffusivity calculated from FEM  
t1/2 data using Equation (4.1) for individual lengths and  
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The temperature and heat flux profile at t = t1/2 for the simulation where kg = 3 
W/m*K, Lg = 5 µm Rf-m → 0 and Rg-c → 0 is presented in Figure 4.14. Initially (t ~0), a 
strong z-direction temperature gradient existed in the lower graphite layer from the 
absorption of light energy. As time progressed, heat flowed in the positive z-direction, 
most rapidly through the fiber, but also into the lower portion of the matrix. The axial 
temperature gradient within the matrix itself allowed for some heat to be transported in 
the positive z-direction. However, the magnitude of this heat flux is extremely small due 
to the very low thermal conductivity of the polymeric matrix. 
By comparison, the significantly higher conductivity of the fiber (relative to 
matrix) meant that the heat was transported rapidly up the fiber where it was dissipated 
radially into the upper, cooler matrix and axially into graphite layer. The addition of this 
heat to the upper graphite layer resulted in the early rise in the top surface temperature, 
relative to the 1-dimensional analytical solution, that is apparent in Figures 4.13a and 
Figure 4.13b. Additionally, this large heat flux through the fiber caused a significant heat 
removal from the graphite layer below the fiber, and the development of a radial 
temperature gradient within that graphite layer. Heat was then drawn radially from the 
graphite layer below the matrix and channeled through the fiber to the upper portion of 
the composite, leaving a relative “hotspot” in the lower region of the matrix.  
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Figure 4.14: Simulated temperature (color code) and heat flux (arrow length represents 
the magnitude of heat flux) profile at t = t1/2 for a 1 mm composite containing the highest 
conductivity fiber (kf = 1000 W/m*K) at 0.2 vf, where kg = 3 W/m*K, Lg = 5 μm, RI,f-m 
→ 0 and RI,g-c → 0. 
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The temperature gradient between the lower matrix region and lower graphite 
layer caused heat to flow in a negative z-direction from the matrix hotspot down into the 
lower graphite layer, before being channeled through the fiber. Furthermore, the sharp 
radial temperature gradient between the fiber and warmer matrix, in the lower part of the 
sample, also resulted in heat flow directly from the matrix into the fiber. Although, the 
addition of interfacial resistance at the fiber-matrix boundary reduced the heat flow 
slightly between these two regions, it did not significantly impact the overall transverse 
heat flow pattern within the sample.  





*K/W) or an increase in the resistance of the graphite layers themselves (kg = 1 
W/m*K, Lg = 20 µm) reduced the rate at which heat was channeled into the fiber from 
the lower graphite layer and led to greater radial dispersion into the upper matrix, rather 
than axially into the upper graphite layer. As a result, simulated ΔT/ΔTEQ vs. t curves are 
closer to the 1-dimensional, analytical solution, as shown in Figures 4.13c and Figures 
4.13d. However, added resistance slowed axial heat flow through the entire composite, 
not just the fiber. Consequently, the predicted composite thermal diffusivity (αc = 88 
mm
2
/s and 77 mm
2
/s) and thermal conductivity (κf = 890 W/m*K and 770 W/m*K) 




*K/W and kg = 1 W/m*K, Lg = 20 µm) 
were lower than model input values (ac = 100 mm
2
/s and kf = 1000 W/m*K.) 
Furthermore, as the fiber content increased, the relatively smaller matrix layer 
around the fiber held less energy in the lower region and required less energy for heating 
of the upper region. Therefore, the “hot spot” in the matrix, which causes transverse heat 
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flow between the fiber and matrix and within the lower graphite layers, was far smaller, 
and the majority of heat flow was in the positive z-direction. As a result, the ΔT/ΔTEQ vs 
t/t1/2 curve for the 0.60 fiber volume fraction composite looks very similar to that of the 1-
dimensional, analytical solution. However, for samples coated with the high and low 





/s) and thermal conductivity (κf = 980 W/m*K and 310 W/m*K) values, 
respectively, were less than model input values (ac = 305 mm
2
/s and kf = 1000 W/m*K.) 
Additionally, as specified fiber conductivity decreased, the heat transport through 
the fiber progressed at a slower speed relative to that for a higher conductivity fiber. 
Consequently, no noticeable “hot spot” appeared within the matrix, regardless of fiber 
content, and any radial temperature gradients within these composites were minimal. 
Therefore, the net heat flow through these low conductivity fiber composites most closely 
resembled that present in homogenous materials. Consequently, the simulated the 
ΔT/ΔTEQ vs. t/t1/2 curves are indistinguishable from the 1-dimensional, analytical 
solution. The error in predicted composite thermal diffusivity and fiber conductivity also 
decreased as fiber thermal conductivity decreased, as shown in Tables 4.6-7.  
Moreover, in all cases (different kf, vf, kg and Lg) an increase in sample thickness 
from 1 to 2 mm resulted in both a closer correspondence between FE simulated curves 
and the 1-dimensional analytical solution, and an improved prediction of composite 
thermal diffusivity and thermal conductivity from FE t1/2 values, as summarized in 
Tables 4.6-7. Furthermore, application of the regression method to correct for graphite 
layer resistance effects, as discussed in the Experimental section, resulted in “corrected” 
Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 141 
composite thermal diffusivity and “corrected” fiber thermal conductivity values that are 
within 3% of that of the higher conductivity fiber and within 1% for the lower 
conductivity fiber . 
The results discussed above were for fiber conductivity values of 10 to 1000 
W/m*K that were assumed to be isotropic. However, many fibers, including carbon 
fibers, display anisotropy. Therefore, the effect of anisotropy in fiber thermal 
conductivity values was examined by assigning a value of 10 W/m*K for the fiber radial 
thermal conductivity, while holding the axial conductivity at 1000 W/m*K. Temperature 
and heat flux profiles, as well as simulated ΔT/ΔTEQ vs. t/t1/2 curves for the anisotropic 
and isotropic fiber are nearly identical. The difference between the predicted half-time for 
the isotropic and anisotropic composites was less than 0.1%. These small differences may 
be explained by the fact that the radial heat flow within the sample is limited primarily 
not by the fiber thermal properties but by the matrix, which has a radial thermal 
conductivity (km ~ 0.1 W/m*K) of at least two orders of magnitude lower than the least 
conductive fiber (kf ~ 10 W/m*K). 
 
4.6 Conclusions 
The LFA method was successfully employed to determine the thermal 
conductivity of two commercial grade (P25 and K1100) and two experimental grade (0 
wt% and MWCNT-modified) mesophase pitch-based carbon fibers. The thermal 
conductivity of the commercial grade fibers ranged from ~10 to 1000 W/m*K, whereas 
experimental fibers were intermediate to those two values. For commercial grade fibers, a 
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single sample length resulted in an under-prediction of fiber conductivity due to the 
resistance of the graphite layers coating the sample. However, when this resistance was 
corrected for by applying the “regression” data analysis technique, a good match was 
observed between experimentally measured values (P25: 16.4±3.0 W/m∙K and K1100: 
852±228 W/m∙K) and those cited in the literature (P25: ~22 W/m∙K and K1100: 930 to 
1100 W/m∙K [Cytec Industries, 2010; Myers, 2011]). For experimental carbon fiber-
based samples, the corrected thermal conductivities values obtained were as follows: 0 
wt% control composite was 70±16 W/m∙K and MWCNT-modified carbon fiber-based 
composite was 62±8 W/m∙K. The corresponding fiber conductivity values were 
calculated to be 514±179 W/m∙K (0 wt%) and 468±127 W/m∙K (MWCNT-modified). 
Furthermore, the thermal conductivity of K1100, 0 wt% and MWCNT-modified fibers 
obtained from LFA data (analyzed using rule-of-mixtures and the regression method) 
were in excellent agreement with those correlated from electrical resistivity data (K1100: 
865±19 W/m∙K, 0 wt%: 569±18 W/m∙K, MWCNT-modified: 533±20 W/m∙K).  
Finally, finite element modeling software (FlexPDE) was used to simulate the 
transient heat flow associate with the LFA technique. These simulations were used to 
determine under what conditions (fiber thermal conductivity, fiber volume fraction and 
graphite coating thermal resistivity) simple rule-of-mixtures could be applied to 
determine fiber thermal conductivity from LFA measurements on unidirectional carbon 
fiber-epoxy composites, like those discussed above. Modeling results suggest that when a 
composite sample is coated with lower thermal resistivity graphite layers, a higher fiber 
volume fraction (vf ~ 0.6) or lower conductivity fibers (10-100 W/m·K) produce 
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primarily 1-dimensional heat flow within the composite. When higher resistivity graphite 
layers are applied, 1-dimensional heat flow was observed in both low volume fraction (vf 
~ 0.2) and high thermal conductivity fiber (kf ~1000 W/m·K) composites. Outside of the 
above listed parameter combinations, appreciable transverse heat flow was apparent 
within the graphite layers, thus allowing a significant amount of heat to be channeled 




*K/W) was incorporated in representative simulations, but was found to have little 
impact on overall modeling results. Thus, by identifying a set of parameters that resulted 
in minimal deviation from 1-dimensional heat flow, a window was established within 
which the LFA technique and rule-of-mixtures can be applied to accurately predict fiber 
thermal conductivity from measurements on unidirectional fiber-epoxy composites.  
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The purpose of the work presented in this dissertation was to explore the extent to 
which the addition of small amounts (~0.3 wt%) of carbon nanomodifiers to a mesophase 
pitch precursor could be used as a method to modify the microstructure of the resulting 
carbon fibers.  Specifically, it was desired to produce fibers that maintained outstanding 
thermal and electrical properties, but were mechanically toughened by reducing their 
tensile modulus and increasing their compressive strength.  
Two types of nanomodifiers where chosen for this research: short aspect ratio 
multiwalled carbon nanotubes (L/D~30 after processing) and, as a potential lost-cost 
alternative, carbon black (L/D~2 after processing). Both nanomodifiers were incorporated 
into molten ARHP mesophase pitch at an ultra-dilute concentration (0.3 wt%), far below 
that of traditional fillers (~10 wt%), via melt mixing in a lab-scale twin-screw extruder. 
Mesophase pitch fibers spun from both nanomodified pitches revealed a significant 
decrease in cross-sectional orientation as compared to the highly oriented radial texture of 
the 0 wt% control. However, at this stage, nanomodification appeared to have had no 
impact on the axial orientation of mesophase molecules, as quantified using WAXD on 
single filaments (FWHM ~ 28°) and fiber bundles (FWHM ~ 30°). The development of 
graphitic planes during carbonization accentuated the differences in the cross-sectional 
textures of the 0 wt%, MWCNT- and CB-modified carbon fibers, which included a 
reduction in the number of fibers that exhibited “pac-man” splitting. Decreasing splitting 
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from nearly 85% (0 wt% control) to ~3%, the MWCNT modifier was more successful 
than the CB modifier (~45% splitting) in this regard. However, the low-cost alternative 
(carbon black) was still able to decrease the number of fibers that exhibited “pac-man” 
splitting by nearly half. Although textural differences in the fiber cross-section were 
noted as result of nanomodification, no significant change in the d002-spacing (0.338 nm) 
or La (~80 nm) was apparent. Thus, a graphitic crystallinity of ~70% was maintained, 
despite the presence of the nanomodifiers. Additionally, only a small reduction in axial 
orientation was observed for MWCNT- and CB-modified fibers (FWHM ~3°) as 
compared to that for the 0 wt% control (FWHM ~2°). As such, both MWCNT- and CB-
modified fibers possessed a well-developed graphitic structure (relative to conventional 
pitch-based carbon fibers), allowing them to perform well at high temperatures, in the 
presence of neutron radiation, and in other extreme environments where microstructural 
integrity is needed.  
In the second phase of this work, it was observed that the MWCNT- and CB-
modified fibers exhibited only a slight reduction in density (2.20 ≤ ρ0wt% < 2.25 g/cm
3
, 
2.15 ≤ ρMWCT ≤ 2.20 g/cm
3
, ρCB = 2.20 g/cm
3
), which suggested that nanomodification 
did not create a significant increase in fiber void volume (0 < v0,0wt% ≤ 2.2, 2.2 ≤ v0,MWCNT 
≤ 4.4%, v0,CB = 2.2%). This small increase in void content is consistent with a majority of 
literature studies that repeatedly show the undesired introduction of such voids with the 
incorporation of nanomodifiers. Furthermore, the addition of either the MWCNT or CB 
modifier appeared to improve fiber handleability by reducing the tensile modulus from 
583±26 GPa for 0 wt%, to 520±26 GPa and 527±30 GPa for MWCNT- and CB-modified 
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fibers. A decrease of about 30% in tensile strength was also observed for nanomodified 
fibers (0 wt%: 1.71±0.21 GPa, MWCNT: 1.12±0.11 GPa, CB: 1.23±0.14 GPa). This is, 
however, a smaller reduction (and thus an improvement) as compared to the ~45% 
decrease noted in previous studies for carbon fibers modified with long aspect ratio 
MWCNTs [Ahn et al., 2006]. Additionally, although a precise value for the compressive 
strength of MWCNT- and CB-modifiers could not be obtained (a result of the limitations 
of the tensile recoil method), all experimental fibers were determined to have a 
compressive strength of at least ~1 GPa. Again, this is an improvement over previous 
studies (0 wt%: 0.5±0.1 GPa vs. MWCNT-modified: 0.4±0.1 GPa) [Ahn et al., 2006]. 
More notably, the differences in fiber structure that resulted from nanomodification were 
able to produce a better balance of compressive to tensile strength (σC/σT → 1), which is 
generally not observed for highly conductive pitch-based fibers (σC/σT < 1). At the same 
time, low fiber electrical resistivity (~2.6 μΩ∙m) and high thermal conductivity (~550 
W/m∙K) values were still achieved for all three experimental fibers. Further, it was 
established that CB was able to produce similar changes in microstructure and properties, 
as compared to MWCNTs, but at a far lower cost.  
In the third major component of this research, the translation of the single-
filament thermal conductivity into its composite form was examined by the LFA method. 
The technique was first verified using two commercial-grade carbon fibers samples (kf 
10-1000 W/m.K) and subsequently employed to determine the bulk thermal conductivity 
of unidirectional composites (parallel to the fiber direction) of two experimental grade 
pitch-based carbon fibers. Through the use of multiple sample lengths and the newly 
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developed “regression method” for data analysis, the following thermal conductivity 
values were obtained: 0 wt% control carbon fiber/epoxy composite was 70±16 W/m∙K 
and MWCNT-modified carbon fiber/epoxy composite was 62±8 W/m∙K. The 
corresponding fiber conductivities were calculated to be 514±179 W/m∙K for the 0 wt% 
control and 468±127 W/m∙K for the MWNT-modified fibers from the simple rule-of-
mixtures for unidirectional composites. Furthermore, these 0 wt% and MWCNT-
modified fiber thermal conductivity values obtained from LFA data were in excellent 
agreement with those correlated from electrical resistivity data (0 wt%: 569±18 W/m∙K, 
MWCNT 533±20 W/m∙K), showing no significant difference at a 95% confidence level.  
Finally, through the use of FlexPDE software, finite element modeling was 
conducted to validate the use of simple rule-of-mixtures, which is generally applicable 
for steady-state heat flow, for the transient heat flow associated with the LFA technique.  
The effects of fiber thermal conductivity, fiber volume fraction and graphite coating 
thermal resistivity on the transient heat flow through unidirectional carbon fiber-epoxy 
composites were systematically simulated. For a sample coated with low thermal 
resistivity graphite layers, modeling results showed that a higher volume fraction (vf 
~0.6) or lower conductivity fibers (10-100 W/m∙K) led to 1-dimensional heat flow, where 
the use of composite rule-of-mixtures is valid. Further, for a sample coated with high 
resistivity graphite layers, this rule may be applied to composites containing even lower 
fiber content (below vf ~0.2) and even higher conductivity fibers (up to kf ~1000 W/m∙K), 
as observed in the current study for experimental fibers. However, outside of this 
envelope appreciable transverse heat flow, particularly within the graphite layers, was 
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noted in simulation data. Therefore, a set of parameters (fiber thermal conductivity and 
volume fraction, graphite layer properties) were determined within which LFA technique 
and rule-of-mixtures can be applied to determine composite thermal conductivity and the 
thermal conductivity for the experimental fibers investigated in this study. Additionally, 
it was demonstrated that the experimental fibers can be integrated into composites that 
could be used in thermal management applications. Such carbon fiber composites would 
be capable of transferring an equal amount of heat as metals but at a reduced weight. 
 
5.2 Recommendations for Future Work 
Current research showed that through nanomodification a balance of tensile and 
compressive strengths could be achieved. This is uncommon for highly graphitic, 
mesophase pitch-based carbon fibers, which normally have significantly higher tensile 
strengths. However in the current study, the exact quantification of fiber compressive 
strength was not possible because the measurement technique, the tensile recoil method, 
required the tensile strength of the fiber to be greater than compressive strength. Thus, it 
could only be concluded that the compressive strength of nanomodified fibers was equal 
to or possible greater than their tensile strength. By the use of an alternate technique, such 
as the elastic loop method, a more exact quantification of fiber compressive strength 
could be obtained.   
Additionally, the overall quality of nanomodified fibers could be improved by the 
following changes to the spinning process. First, a finer filter mesh could be used to 
reduce the number and size of nanomodifier agglomerations that were not dispersed 
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during the mixing step. As previously mentioned, this would improve the tensile and 
compressive strength of the resulting fibers by reducing the number of flaws. Second, 
changing from a batch to continuous spinning process would provide for more 
consistency in fiber properties, as continuous processes are inherently more stable. 
Although more raw materials would be required for running a continuous process, the 
larger quantity of fiber manufactured would allow for the production of composite 
samples. As nearly all carbon fibers find use in some sort of composite materials, 
quantification of composite mechanical, electrical and thermal properties would be 
essential for their use in real-world applications.  
Finally, further research could also explore the use of alternate types of 
nanomodifiers, such as boron nitride. Possessing a low density and high thermal 
conductivity (similar to graphite), boron nitride also resists oxidation at higher 
temperatures. Additionally, the combination of graphite and boron nitride has interesting 
electrical properties that are already being researched for applications in light weight 
electronics [Dean et al., 2010]. Thus, boron nitride mesophase pitch material should not 
only be studied for the production of fibers, but also for use as a matrix material which 
surrounds and protects the fibers. 
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Theoretical Fiber Density and Percent Void Volume Calculations 
 
Constants 
In-plane lattice parameter = a = 0.246 nm  
Number of carbon atoms in a unit cell = n = 4 atoms 
Atomic weight of carbon = C = 16.01 g/mol 
Avogadro’s number = NA = 6.022 x 10
23
 atoms/mol 







Carbon fiber inter-planar spacing = d002 




Unit cell volume = 2
0023V d a    
 





















Fiber void volume fraction = 
 
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Calculation of the Theoretical Density of Perfect Graphite 
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Calculation of the Theoretical Density of K1100 
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Table A.1: Experimentally determined carbon fiber density ranges, experimentally 






) d002 (nm) Dfiber (g/cm
3
) v0 (%) 
K1100 2.20 ≤ ρfiber < 2.25 0.337 2.26 0.4 < v0 ≤ 2.6 
0 wt% 2.20 ≤ ρfiber < 2.25 0.338 2.25 0 < v0 ≤ 2.2 
MWCNT 2.15 ≤ ρfiber ≤ 2.20 0.338 2.25 2.2 ≤ v0 ≤ 4.4 
CB ρfiber = 2.20 0.338 2.25 v0 = 2.2 
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Representative High Speed Photography of Tensile Recoil Experiments 
 
Equipment 
Camera: high-speed Phantom V7.0 camera 
Lens: Sigma 50 mm DG Macro 
Lens setting: fstop of 2.8 
Camera control software: Phantom 689 
Image resolution: 256 x 512 pixels 
Sampling rate: 14035 pictures per second 
Exposure time per picture: 37.25 μs 
Number of images to save post trigger: 8674  
Exposure setting: Auto expose 
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Figure B.1: 0 wt%, tensile stress = 657 MPa, test result = survival [Cribb, 2011]. 
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Figure B.2: 0 wt%, tensile stress = 916 MPa, test result = upper tab compressive failure, 
lower tab survival [Cribb, 2011]. 
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Figure B.3: MWCNT-modified tensile stress = 1223 MPa, test result = upper tab 
compressive failure, lower tab survival [Cribb, 2011].  
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Figure B.4: MWCNT-modified tensile stress = 825 MPa, test result = no compressive 
failure, significant burn damage [Cribb, 2011]. 
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Representative FLEXPDE Code for Simulation of Heat Flow  
in a Sample Undergoing Laser Flash Analysis 
 
Homogenous Sample, ks = 1000 W/m·K, Ls = 1 mm, kg = 3 W/m·K, Lg = 5 μm  




TERRLIM = 0.0005 {Time error limit} 
XERRLIM = 0.00001 {Space error limit} 
 
COORDINATES ycylinder  { identifies the coordinate system as being rotationally 
symmetric about the y-axis} 
 
VARIABLES        { system variables } 
Temp             {temperature variable, no threshold placed } 
 
DEFINITIONS    { parameter definitions } 
!Sample material properties 
c = 1 {sample heat capacity, J/g*C} 
rho = 2 {sample density g/cm^3 } 
Kappa = TENSOR((1000,0,0),(0,1000,0),(0,0,0)) {sample thermal conductivity, 
W/m*K} 
 
! Initial condition constants 
z_flat = 10 
phi_z_spike = 1000 
phi_z_flat = 0 
b = 0.1 
 
mesh_density = 0.5 
 
INITIAL VALUES 
! Initial temperature profile 
Temp = ((exp(-(10^b)*z)-exp(-(10^b)*z_flat))*phi_z_spike + (1-exp(-
(10^b)*z))*phi_z_flat)/(1-exp(-(10^b)*z_flat)) 
 
EQUATIONS        { PDE's, one for each variable } 
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c*rho*dt(Temp)-div(dot(grad(Temp),Kappa))=0 {time dependent heat transfer } 
 





BOUNDARIES       { The domain definition } 
! All lengths are in microns 
 
REGION 1 'Sample'       {Sample region} 
START(0,0)   { Walk the domain boundary } 
Natural(Temp) = 0  
LINE TO (15,0) {Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO (15,1010) { Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO (0,1010) { Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO CLOSE {symmetry boundary condition} 
 
REGION 2 'Graphite1' {Lower graphite spray layer} 
c = 1  { graphite spray layer heat capacity, J/ g*K } 
rho = 1  { graphite spray layer density, g/cm^3 } 
Kappa = TENSOR((3,0,0),(0,3,0),(0,0,0)) {graphite spray layer thermal conductivity, 
W/m*K} 
mesh_density = 1 
START(0,5) 
LINE TO (0,0) 
LINE TO (15,0) 
LINE TO (15,5)  
LINE TO CLOSE 
 
REGION 3 'Graphite2' {Upper graphite spray layer} 
c = 1  { graphite spray layer heat capacity, J/ g*K } 
rho = 1  { graphite spray layer  density, g/cm^3 } 
Kappa = TENSOR((3,0,0),(0,3,0),(0,0,0)) {graphite spray layer thermal conductivity, 
W/m*K} 
START(15,1005)  
LINE TO (15,1010) 
LINE TO (0,1010) 
LINE TO (0,1005) 
LINE TO CLOSE 
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! Simulation duration  
TIME 0 TO 30000 { simulation duration for ks = 1000 W/m*K} 
 
MONITORS         { show progress } 
!None 
 
PLOTS            { save result displays } 
 
FOR cycle = 1 
VECTOR(Temp) export file = 'temp.tbl' points = (4,5051)  {tablular output of 





HISTORY (Temp) AT (5,0), (10,0) export file = 'bottom.tbl'{export lower surface 
temperature data} 
HISTORY (Temp) AT (5,1010), (10,1010) export file = 'LFAcurve1.tbl' {export 






Homogenous Sample, ks = 1 W/m·K, Ls = 2 mm, kg = 1 W/m·K, Lg = 20 μm  




TERRLIM = 0.0005 {Time error limit} 
XERRLIM = 0.00001 {Space error limit} 
 
COORDINATES ycylinder  { identifies the coordinate system as being rotationally 
symmetric about the y-axis} 
 
VARIABLES        { system variables } 
Temp             {temperature variable, no threshold placed } 
 
DEFINITIONS    { parameter definitions } 
!Sample material properties 
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c = 1 {sample heat capacity, J/g*C} 
rho = 2 {sample density g/cm^3 } 
Kappa = TENSOR((1,0,0),(0,1,0),(0,0,0)) {sample thermal conductivity, W/m*K} 
 
! Initial condition constants 
z_flat = 10 
phi_z_spike = 1000 
phi_z_flat = 0 
b = 0.1 
 
mesh_density = 0.5 
 
INITIAL VALUES 
! Initial temperature profile 
Temp = ((exp(-(10^b)*z)-exp(-(10^b)*z_flat))*phi_z_spike + (1-exp(-
(10^b)*z))*phi_z_flat)/(1-exp(-(10^b)*z_flat)) 
 
EQUATIONS        { PDE's, one for each variable } 
c*rho*dt(Temp)-div(dot(grad(Temp),Kappa))=0 {time dependent heat transfer } 
 





BOUNDARIES       { The domain definition } 
! All lengths are in microns 
 
REGION 1 'Sample'       {Sample region} 
START(0,0)   { Walk the domain boundary } 
Natural(Temp) = 0  
LINE TO (15,0) {Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO (15,2040) { Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO (0,2040) { Adiabatic boundary condition} 
Natural(Temp) = 0  
LINE TO CLOSE {symmetry boundary condition} 
 
REGION 2 'Graphite1' {Lower graphite spray layer} 
c = 1  { graphite spray layer heat capacity, J/ g*K } 
rho = 1  { graphite spray layer density, g/cm^3 } 
Kappa = TENSOR((1,0,0),(0,1,0),(0,0,0)) {graphite spray layer thermal conductivity, 
W/m*K} 
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mesh_density = 1 
START(0,20) 
LINE TO (0,0) 
LINE TO (15,0) 
LINE TO (15,20)  
LINE TO CLOSE 
 
REGION 3 'Graphite2' {Upper graphite spray layer} 
c = 1  { graphite spray layer heat capacity, J/ g*K } 
rho = 1  { graphite spray layer  density, g/cm^3 } 
Kappa = TENSOR((1,0,0),(0,1,0),(0,0,0)) {graphite spray layer thermal conductivity, 
W/m*K} 
START(15,2020)  
LINE TO (15,2040) 
LINE TO (0,2040) 
LINE TO (0,2020) 
LINE TO CLOSE 
 
{**********************************************************************} 
! Simulation duration  
TIME 0 TO 12000000 {simulation duration for ks = 1 W/m*K} 
 
MONITORS         { show progress } 
!None 
 
PLOTS            { save result displays } 
 
FOR cycle = 1 
 
VECTOR(Temp) export file = 'temp.tbl' points = (16,2041)  {tablular output of 





HISTORY (Temp) AT (5,0), (10,0) export file = 'bottom.tbl' {temperature vs. time data} 
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20% fiber volume fraction composite, kf,r = 10 W/m·K, kf,z = 1000 W/m·K, Lc = 1 






TITLE 'Transient heat flow through a uniaxial single fiber composite’  
 
SELECT  
TERRLIM = 0.0001 
XERRLIM = 0.00001 
 
COORDINATES ycylinder  { identifies the coordinate system as being rotationally 
symmetric about the y-axis} 
 
VARIABLES        { system variables } 
Temp             { temperature variable, no threshold placed } 
 
DEFINITIONS    { parameter definitions } 
c = 2 { matrix heat capacity, default heat capacity, J/g*K} 
rho = 1 {matrix density, default density, g/cm^3 } 
Kappa = TENSOR((0.1,0,0),(0,0.1,0),(0,0,0)) {matrix thermal conductivity, default 
thermal conductivity, W/m*K} 
 
! Initial condition constants 
z_flat = 10 
phi_z_spike = 1000 
phi_z_flat = 0 
b = 0.1 
 
!Fiber-matrix interfacial resistance parameter 
Res1 = 1 {Interfacial resistance between fiber and matrix, 10^-6 m^2*K/W} 
 
!Composite-graphite layer interfacial resistance parameter 
! Res2 = 1 {Interfacial resistance parameter, option 1, 10^-6 m^2*K/W } 
! Res2 = 10 {Interfacial resistance parameter, option 2 , 10^-6 m^2*K/W} 
 
mesh_density = 1 
 
INITIAL VALUES 
Temp = ((exp(-(10^b)*z)-exp(-(10^b)*z_flat))*phi_z_spike + (1-exp(-
(10^b)*z))*phi_z_flat)/(1-exp(-(10^b)*z_flat)) 
 
EQUATIONS        { PDE's, one for each variable } 
 c*rho*dt(Temp)-div(dot(grad(Temp),Kappa))=0 { time dependent heat transfer} 
 
! CONSTRAINTS    { Integral constraints } 
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BOUNDARIES       { The domain definition } 
! All lengths are in microns 
 
REGION 1 'Matrix'       { Matrix region } 
START(0,0)   { Walk the domain boundary } 
Natural(Temp) = 0 LINE TO (11.2,0) {Adiabatic boundary condition} 
Natural(Temp) = 0 LINE TO (11.2,1010) { Adiabatic boundary condition} 
Natural(Temp) = 0 LINE TO (0,1010) { Adiabatic boundary condition} 
Natural(Temp) = 0 LINE TO CLOSE {Symmetry boundary condition} 
 
REGION 2 'Fiber' {Fiber region} 
c = 1  { fiber heat capacity, J/ g*K } 
rho = 2  { fiber density, g/cm^3 } 
Kappa = TENSOR((10,0,0),(0,1000,0),(0,0,0)) {fiber thermal conductivity, W/m*K} 
START(5,1005) 
LINE TO (0,1005) 
LINE TO (0,5) 
LINE TO (5,5) 
contact(Temp) = -JUMP(Temp)/Res1 {fiber-matrix interfacial resistance boundary} 
 
LINE TO CLOSE 
REGION 3 'Graphite1' {Lower graphite spray} 
c = 1  {Lower graphite layer heat capacity, J/ g*K } 
rho = 1  { Lower graphite layer, g/cm^3 } 
Kappa = TENSOR((3,0,0),(0,3,0),(0,0,0)) {Graphite layer thermal conductivity, W/m*K} 
mesh_density = 8 
START(0,0) 
LINE TO (11.2,0) 
LINE TO (11.2,5) 
LINE TO (0,5) 
! contact(Temp) = -JUMP(Temp)/Res2 {composite-graphite layer interfacial resistance 
boundary} 
LINE TO CLOSE 
 
REGION 4 'Graphite2' {Lower graphite spray} 
c = 1  {Upper graphite layer heat capacity, J/ g*K } 
rho = 1  {Upper graphite layer density, g/cm^3 } 
Kappa = TENSOR((3,0,0),(0,3,0),(0,0,0)) {Upper graphite layer thermal conductivity, 
W/m*K} 
START(0,1005) 
LINE TO (11.2,1005) 
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LINE TO (11.2,1010) 
LINE TO (0,1010) 
!contact(Temp) = -JUMP(Temp)/Res2 {composite-graphite layer interfacial resistance 
boundary} 
LINE TO CLOSE 
 
{**********************************************************************} 
! Simulation duration options for different conductivity samples. 




MONITORS         { show progress } 
PLOTS            { save result displays } 
 
FOR cycle = 1 
 
VECTOR(Temp) export file = 'temp.tbl' points = (57,2021)  {tablular output of 





HISTORY (Temp) AT (2.5,0), (10,0) export file = 'bottom.tbl' {lower surface 
temperature data} 
HISTORY (Temp) AT (0.1,1010), (2.5,1010), (5,1010), (10,1010), (11.2, 1010) export 






60% fiber volume fraction composite, kf,r = 10 W/m·K, kf,z = 10 W/m·K, Lc = 2 mm, 






TITLE 'Transient heat flow through a uniaxial single fiber composite’  
 
SELECT  
TERRLIM = 0.0001 
XERRLIM = 0.00001 
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COORDINATES ycylinder  { identifies the coordinate system as being rotationally 
symmetric about the y-axis} 
 
VARIABLES        { system variables } 
Temp             { temperature variable, no threshold placed } 
 
DEFINITIONS    { parameter definitions } 
c = 2 { matrix heat capacity, default heat capacity, J/g*K} 
rho = 1 {matrix density, default density, g/cm^3 } 
Kappa = TENSOR((0.1,0,0),(0,0.1,0),(0,0,0)) {matrix thermal conductivity, default 
thermal conductivity, W/m*K} 
 
! Initial condition constants 
z_flat = 10 
phi_z_spike = 1000 
phi_z_flat = 0 
b = 0.1 
 
!Fiber-matrix interfacial resistance parameter 
! Res1 = 1 {Interfacial resistance between fiber and matrix, 10^-6 m^2*K/W} 
 
!Composite-graphite layer interfacial resistance parameter 
! Res2 = 1 {Interfacial resistance parameter, option 1, 10^-6 m^2*K/W } 
Res2 = 10 {Interfacial resistance parameter, option 2 , 10^-6 m^2*K/W} 
 
mesh_density = 1 
 
INITIAL VALUES 
Temp = ((exp(-(10^b)*z)-exp(-(10^b)*z_flat))*phi_z_spike + (1-exp(-
(10^b)*z))*phi_z_flat)/(1-exp(-(10^b)*z_flat)) 
 
EQUATIONS        { PDE's, one for each variable } 
 c*rho*dt(Temp)-div(dot(grad(Temp),Kappa))=0 { time dependent heat transfer} 
 




BOUNDARIES       { The domain definition } 
! All lengths are in microns 
 
REGION 1 'Matrix'       { Matrix region } 
START(0,0)   { Walk the domain boundary } 
Natural(Temp) = 0 LINE TO (6.4,0) {Adiabatic boundary condition} 
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Natural(Temp) = 0 LINE TO (6.4,1040) { Adiabatic boundary condition} 
Natural(Temp) = 0 LINE TO (0,1040) { Adiabatic boundary condition} 
Natural(Temp) = 0 LINE TO CLOSE {Symmetry boundary condition} 
 
REGION 2 'Fiber' {Fiber region} 
c = 1  { fiber heat capacity, J/ g*K } 
rho = 2  { fiber density, g/cm^3 } 
Kappa = TENSOR((10,0,0),(0,10,0),(0,0,0)) {fiber thermal conductivity, W/m*K} 
START(5,1020) 
LINE TO (0,1020) 
LINE TO (0,20) 
LINE TO (5,20) 
! contact(Temp) = -JUMP(Temp)/Res1 {fiber-matrix interfacial resistance boundary} 
 
LINE TO CLOSE 
REGION 3 'Graphite1' {Lower graphite spray} 
c = 1  {Lower graphite spray heat capacity, J/ g*K } 
rho = 1  {Lower graphite spray density, g/cm^3 } 
Kappa = TENSOR((1,0,0),(0,1,0),(0,0,0)) {lower graphite spray thermal conductivity, 
W/m*K} 
mesh_density = 8 
START(0,0) 
LINE TO (6.4,0) 
LINE TO (6.4,20) 
LINE TO (0,20) 
contact(Temp) = -JUMP(Temp)/Res2 {composite-graphite layer interfacial resistance 
boundary} 
LINE TO CLOSE 
 
REGION 4 'Graphite2' {Upper graphite spray} 
c = 1  {Upper graphite spray heat capacity, J/ g*K } 
rho = 1  {Upper graphite spray density, g/cm^3 } 
Kappa = TENSOR((3,0,0),(0,3,0),(0,0,0)) {Upper graphite spray thermal conductivity, 
W/m*K} 
START(0,1020) 
LINE TO (6.4,1020) 
LINE TO (6.4,1040) 
LINE TO (0,1040) 
contact(Temp) = -JUMP(Temp)/Res2 {composite-graphite layer interfacial resistance 
boundary} 
LINE TO CLOSE 
 
{**********************************************************************} 
! Simulation duration options for different conductivity samples. 
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TIME 0 TO 20000000 {fiber conductivity = 10 W/m*K} 
 
{**********************************************************************} 
MONITORS         { show progress } 
! None  
 
PLOTS            { save result displays } 
 
FOR cycle = 1 
 
VECTOR(Temp) export file = 'temp.tbl' points = (33,2041)  {tablular output of 





HISTORY (Temp) AT (2.5,0), (10,0) export file = 'bottom.tbl' {lower surface 
temperature data} 
HISTORY (Temp) AT (0.1,2040), (2.5,2040), (5,2040), (6.4,2040) export file = 
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MATLAB Code Used to Produce 2-Dimensional Temperature  
and Heat Flux Profiles from FLEXPDE Simulation Data 
 
Main Program (Tempprofile.m) 
% This program creates 2-D temperature contour profiles over laid with   
% heat flux arrows from the specified data file 
% Last revised: 1/23/12 






% Loads a file “Num_pt.txt that contains the number of x (or r) pts & z pts 
% Example: 57 2081 
Num_pt = load('Num_pt.txt') 
 
% Requests the name of file holding temperature data  
% First row of data is 0 0 time t/thalf 
% Second row on is start of actual data:  
% Data = [x1, y1, T(x1,y1) 0] 
        %|x2, y1, T(x2,y1) 0| 
        %|x3, y1, T(x3,y1) 0| 
        % :    :    :      :| 
        % :    :    :      :| 
        %|x1, y2, T(x1,y2) 0| 
        %|x2, y2, T(x2,y2) 0| 
        %|x3, y2, T(x3,y2) 0| 
        % :    :    :      :| 
        % :    :    :      :| 
        %[xm, yn, T(xm,yn) 0] 
% All other header information must be  
% removed from the data file before  
% inputting the file to MATLAB.  
% Example:  
% { 
% FlexPDE Version 6.09/W64  15:45:22 Sep 10 2009 
% kf1000_v20_Lgs20_ags1.pde  13:34:13 2/15/12 
% Title: Temp 
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% Time 176.947 
% <X>  <Y>    <Temp>  <Temp>  
% } 
Name = input('Filename \n', 's'); 
Data = load(Name);  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculates total number of data points in the file 
Total_pt = Num_pt(1) .* Num_pt(2); 
 
% Determines the size of the data matrix 
Data_size = size(Data); 
 
% Removes the first row so matrix contains only  
% x, y, and temperature data  
Clean_Data = Data(2:Data_size(1),:); 
 
% Creates a vector with x (or r) positions 
x_data = Clean_Data(1:Num_pt(1),1); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Loop for sorting temperature data, so it is properly formated for use of 
% the contour plotting command.  
% Matrix_data = [T(x1,y1) T(x2,y1) ... T(xm, y1)] 
%               [T(x1,y2) T(x2,y2) ... T(xm, y2)] 
%                   :         :             : 
%                   :         :             : 
%               [T(x1,y2) T(x2,y2) ... T(xm, y2)] 
% Also creates a vector of y (or z) positions  
% y_data = [y1, y2 ... ym] 
y_data = []; 
Temp_data = []; 
Matrix_data = []; 
for n = 1:Num_pt(2) 
    Temp_data = Clean_Data(1 + Num_pt(1)*(n-1): Num_pt(1)*n, 3); 
    Matrix_data = [Matrix_data; Temp_data']; 




 % Calculates the maximum and minimum temperature for the data file when 
 % code is active, and then saves it to a .txt file for future use. 
 %  
 data_max = max(Clean_Data(:,3)) 
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 data_min = min(Clean_Data(:,3)) 
 data_maxmin = [data_max, data_min]; 
  
 % Saves max & min to data file named ‘maxmin.txt’  
 fid = fopen('maxmin.txt', 'wt') 




% Allows for the use of an alternate ‘MaxMin.txt’ when ‘%%’ are removed 
%%data_maxmin = load('MaxMin.txt') 
%%data_max = data_maxmin(1) 
%%data_min = data_maxmin(2) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Scales temperature matrix to be between T'_min = 0 and T'_max = "multiplier".  
% Before scaling data ranges for T_min ~ 0 to T_max ~ 1000 based on FEM code.  
% (T' - T'_min)/(T'_max - T'_min) = (T - T_min)/(T_max - T_min)  
% Rearrange to get: T' = (T - T_min)/(T_max - T_min)*(T'_max - T'_min)+ T'_min 
multiplier = 1000; 
N_Matrix_data = multiplier .* (Matrix_data - data_min) ./ ...  
    (data_max - data_min); 
 
% Normalizes temperature matrix with respect to equilibrium temperature 
% T'/T'_eq.  
T_eq = input('What is the equilibrium temperature?')  
N_Teq = multiplier .* (T_eq - data_min) ./ ...  
   (data_max - data_min); 
NormTempMatrix = N_Matrix_data ./ N_Teq; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Creates a full scale x (or r) vs. y (or z) temperature contour and heat flux profile 
YorNtemp = input('Plot temperature normalized with respect to \nequilibrium 
temperature in full scale? (Yes = 1, No = 0) '); 
fprintf('The minimum normalized temperature of the full scale plot is %d \n', 
min(min(NormTempMatrix))); 
fprintf('The maximum normalized temperature of the full scale plot is %d \n', 
max(max(NormTempMatrix))); 
if YorNtemp > 0 
    m = 100; 
    figure(1); 
    hold on; 
    xlabel('r (\mum)') % x (or r) axis label 
    ylabel('z (\mum)') % y (or z) axis label 
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    title('T/T_E_Q full scale') % Plot title 
    contourf(x_data, y_data, NormTempMatrix, m) % creates colored temperature profile 
    contour(x_data, y_data, NormTempMatrix, m) % fills in black lines  
     
    %Sets axis scale for plot    
    axis([-1, 12, -10, 1020]) %L = 1010 um, 20% axisymm 
     
    % DEFINES BOUNDARY LOCATIONS 
    % for vf = 20%, L = 1010 um, radial model  
    plot([0 11.2 11.2 0 0], [0 0 1010 1010 0], 'k') 
    plot([0 11.2], [5,5], 'w') % graphite spray boundary 
    plot([0 11.2], [1005,1005], 'w') % graphite spray boundary 
    plot([5 5], [5, 1005], 'w') % fiber boundary 
    plot([-0.01 -0.01], [-10, 1020], 'k-.') % symmetry line 
     
    % Gives the option to add arrows that represent heat flux to the 
    % temperature profile plot 
    YorNquiver = input('Calculate and plot heat flux arrows. (Yes = 1, No = 0) '); 
    if YorNquiver > 0  
    %         Calls a function to calculate heat flux from x-position, y-position, and 
    %         temperature data. Returns x-position, y-position of heat flux as 2 vectors  
    %         and x and y direction heat flux as two matrices.  
       [xgrad, ygrad, Qx, Qy] = Heatflux(x_data, y_data', NormTempMatrix);  
        quiver(xgrad, ygrad, Qx, Qy, 'w') % Plots heat flux arrows 
    else 
       disp('You have chosen not to plot heat flux arrows.') 
    end 
    colorbar % place colorbar on plot 
    box % draws a box around the plot  
 
else 




% Creates x (or r) vs. y (or z) temperature contour and heat flux profiles 
% over a specified dimensional range 
 
YorNtemp = input('Plot temperature normalized with respect to \nequilibrium 
temperature in partial scale? (Yes = 1, No = 0) '); 
if YorNtemp > 0 
    fprintf('Current temperature matrix size is %d rows and %d columns. \n', 
size(NormTempMatrix,1), size(NormTempMatrix,2)) 
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    YorN = input('Display row vs. y and column vs. x information. (Yes = 1, No = 0)'); 
 
    if YorN > 0 
        disp('Row #    Y-position') 
        for YorNcount = 1:length(y_data); 
        fprintf('%d        %d \n', int16(YorNcount), int16(y_data(YorNcount))) 
        end 
        input('To continue press enter.'); 
        disp('Column #  X-position') 
        for YorNcount = 1:length(x_data); 
        fprintf('%d        %d \n', int16(YorNcount), x_data(YorNcount)) 
        end 
    else  
        disp('You''ve requested no data to be display.') 
        disp('To continue press enter.') 
    end 
     
    % User defined input for y-range 
    ylow  = int16(input('Lower y limit row #.')); 
    yup = int16(input('Upper y limit row #.')); 
 
    % User defined input for x-range 
    xlow = int16(input('Lower x limit column #.')); 
    xup = int16(input('Upper x limit column #.')); 
 
    m = 100; 
    figure(2);      
    hold on; 
    xlabel('r (\mum)') % x (or r) axis label 
    ylabel('z (\mum)') % y (or z) axis label 
    title('T/T_E_Q partial scale') % Plot title 
    contourf(x_data(xlow:xup), y_data(ylow:yup), 
NormTempMatrix(ylow:yup,xlow:xup), m); 
 contour(x_data(xlow:xup), y_data(ylow:yup), 
NormTempMatrix(ylow:yup,xlow:xup), m); % fills in black lines  
    fprintf('The minimum normalized temperature of the partial scale plot is %d \n', 
min(min(NormTempMatrix(ylow:yup,xlow:xup)))); 
    fprintf('The maximum normalized temperature of the partial scale plot is %d \n', 
max(max(NormTempMatrix(ylow:yup,xlow:xup)))); 
    YorNquiver = input('Calculate and plot heat flux arrows. (Yes = 1, No = 0) '); 
    if YorNquiver > 0  
 
% Calls a function to calculate heat flux from x-position, y-position, and 
% temperature data. Returns x-position, y-position of heat flux as 2 vectors  
Distribution A.  Approved for public release:  distribution unlimited.   
Case number 88ABW-2014-5846, dated 9 Dec 2014. 
 
 174 
% and x and y direction heat flux as two matrices.  
% Plots heat flux arrows 
        [xgrad_par, ygrad_par, Qx_par, Qy_par] = Heatflux(x_data(xlow:xup), 
y_data(ylow:yup)', NormTempMatrix(ylow:yup,xlow:xup));  
        quiver(xgrad_par, ygrad_par, Qx_par, Qy_par, 'w') 
         
    else 
        disp('You have chosen not to plot heat flux arrows.') 
    end 
     
    colorbar % place colorbar on plot 
    box % draws ab box around the plot  
 
    %User defined AXIS SCALES  
    ylowaxis = input('lower Y axis position'); 
    yupaxis = input('upper Y axis position'); 
    xlowaxis = input('lower X axis position'); 
    xupaxis = input('upper X axis position'); 
    axis([xlowaxis, xupaxis, ylowaxis, yupaxis])  
 
    % Adds black or white lines at boundaries depending on if 'k' or 'w' is 
    % specified.  
     
    % Boundary around exterior of image 
    plot([x_data(xlow) x_data(xup) x_data(xup) x_data(xlow) x_data(xlow)], ... 
    [y_data(ylow) y_data(ylow) y_data(yup) y_data(yup) y_data(ylow)], 'k') 
     
    if ylowaxis < 5 
    plot([x_data(xlow) x_data(xup)], [5,5], 'w') % graphite spray boundary 
    else 
    end 
 
    if yupaxis > 1005 
    plot([0 15.8], [1005,1005], 'w') % upper graphite spray boundary 
    else 
    end 
  
    if yupaxis > 1005 
    plot([5 5], [5,1005], 'w') % fiber boundary 
    elseif ((xupaxis > 5) & (xupaxis < 1005)) 
    plot([5 5], [5, y_data(yup)], 'w') % fiber boundary 
    else 
    end 
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    plot([x_data(xlow)-0.01 x_data(xlow)-0.01], [ylowaxis yupaxis], 'k-.') % sym. line 
 
else 




% Post run editting for plots 
% (1) Change font to 30pt Times New Romans 
% (2) Scale contours to min and max 






Function for Calculating Heat Flux (Heatflux.m) 
 
function [xgrad, ygrad, Qx, Qy] = Heatflux(x,y,T)   
% Function to calculate heat flux  
% Defines conductivity matrices, Kx and Ky 
% Tested conditional statement - 4/29/11 
% Last updated - 4/29/11 
% Functions referenced: TempGrad.m 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Call function TempGrad to calculate temperature gradients from x,y, T 
% data 
[xgrad ygrad gradTx gradTy] = TempGrad(x,y,T); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculated magnitude x (r) and y (z) components of heat flux arrows 
 
YorNone = input('Scale all heat flux arrows to have a magnitude of one? (Yes = 1, No = 
0) '); 
if YorNone < 1 
 
    % Initializing Kx and Ky 
    Kx = zeros(size(gradTx)); 
    Ky = zeros(size(gradTy)); 
 
    % Define the component conductivities 
    kf = input('What is the fiber conductivity?' ) % W/m*K 
    km = input('What is the matrix conductivity?' ) 
    kgs = input('What is the graphite spray conductivity?' ) 
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    % Define boundaries 
    y0 = input('Location of lower sample edge? ') 
    y1 = input('Location of lower graphite spray layer - composite interface?') 
    y2 = input('Location of upper graphite spray layer - composite interface?') 
    y3 = input('Location of upper sample edge? ') 
    x0 = input('Location of axis of symmetry? ') 
    x1 = input('Location of axis of fiber - matrix interface? ') 
    x2 = input('Location of matrix edge? ') 
 
    % Build Kx and Ky 
    for m = 1:length(xgrad) 
        for n = 1:length(ygrad) 
            if (ygrad(n) > y0 & ygrad(n) < y1) | (ygrad(n) > y2 & ygrad(n) < y3) 
                if (xgrad(m) > x0 & xgrad(m)< x2) 
                    % disp('graphite spray') 
                    Kx(n,m) = kgs; 
                    Ky(n,m) = kgs;                 
                else 
                 disp('Outside of specified boundary in x.') 
                end 
            elseif (ygrad(n) <= y2 & ygrad(n) >= y1) 
                if (xgrad(m) > x0 & xgrad(m) < x1) 
                    Kx(n,m) = kf; 
                    Ky(n,m) = kf; 
                    % disp('fiber') 
                elseif (xgrad(m) > x1 & xgrad(m) < x2) 
                    % disp('matrix') 
                    Kx(n,m) = km; 
                    Ky(n,m) = km; 
                else 
                    disp('Outside of specified boundary in x.') 
                    ygrad(n) 
                    xgrad(m) 
                    input('') 
                end 
            else 
                disp('Outside of specified boundary in y.') 
                ygrad(n) 
                xgrad(m) 
                input('') 
            end 
        end 
    end 
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% Calculates heat flux where magnitude reflects the original  
% temperature scale: T_min~0 to T_max~1000 
Qx = -Kx .* gradTx; 
Qy = -Ky .* gradTy; 
 
% Calculates heat flux so that |Q| = 1 
else 
    Qx = zeros(size(gradTx)); 
    Qy = zeros(size(gradTy)); 
    for m = 1:length(xgrad) 
         for n = 1:length(ygrad) 
             Qx(n,m) = - gradTx(n,m)/(sqrt(gradTx(n,m)^2 + gradTy(n,m)^2)); 
             Qy(n,m) = - gradTy(n,m)/(sqrt(gradTx(n,m)^2 + gradTy(n,m)^2)); 
         end 






Function for Calculating Temperature Gradients (TempGrad.m) 
 
function [xgrad ygrad gradTx gradTy] = TempGrad(x, y, T) 
% This function calculates the temperature gradient in the x and y 
% directions from the input of x-position, y-position, and temperature 
% data. 
% To improve plotting efficiency, the number of data points can be reduced 
% in either the x or y directions by calling the ReduceX or ReduceY 
% commands when prompted. 
% Code last updated: 1/23/12 
% Functions referenced: ReduceX.m, ReduceY.m 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Initializing data matrices 
a = zeros(length(y)-1,length(x)-1); 
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b = zeros(length(y)-1,length(x)-1); 
c = zeros(length(y)-1,length(x)-1); 
d = zeros(length(y)-1,length(x)-1); 
gradTx = zeros(length(y)-1,length(x)-1); 
gradTy = zeros(length(y)-1,length(x)-1); 
xgrad = zeros(length(x)-1,1); 
ygrad = zeros(length(y)-1,1); 
 
for m = 1:length(x)-1 % x-direction loop 
    xgrad(m) = (x(m+1) + x(m))/2; % x-positon of temperature gradient 
    for n = 1:length(y)-1 % y-direction loop 
        if m < 2 % Only need to build ygrad once because ygrad is the same regardless of  
% the x value.  
           ygrad(n) = (y(n+1) + y(n))/2; % y-position of temperature gradient 
        else 
        end 
         
        % Building local matrices, local nodes assigned as follows 
        % (4)  (3) 
        % *-----* 
        % |     | 
        % |     | 
        % *-----* 
        % (1)  (2) 
         
        xelement = [x(m); x(m+1); x(m+1); x(m)]; % create local x-position vector (local  
% nodes 1,2,3,4) 
        yelement = [y(n); y(n); y(n+1); y(n+1)]; % create local y-position vector (local  
% nodes 1,2,3,4) 
        Telement = [T(n,m); T(n,m+1); T(n+1,m+1); T(n+1,m)]; % create local temperature 
% vector (local nodes 1,2,3,4) 
        xymatrix = [xelement yelement xelement.*yelement ones(4,1)]; % compile into  
% local matrix [x, y, xy, 1]  
        abcd = xymatrix\Telement; % Calculate local coefficients for T = ax+by+cxy+d  
% using matrix algebra.  
        % [T1] = [x1, y1, x1*y1, 1]*[a] 
        % |T2| = |x2, y2, x2*y2, 2|*|b| 
        % |T3| = |x3, y3, x3*y3, 1|*|c|    
        % [T4] = [x4, y4, x4*y4, 1]*[d]  
         
        % Save local coefficients to global matrices 
        a(n,m) = abcd(1);  
        b(n,m) = abcd(2); 
        c(n,m) = abcd(3); 
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        d(n,m) = abcd(4); 
         
        % Calculate temperature gradients from local coefficients and save to  
% global matrices  
        gradTx(n,m) = abcd(1) + abcd(3) * (y(n) + y(n+1))/2; 
        gradTy(n,m) = abcd(2) + abcd(3) * (x(m) + x(m+1))/2; 
    end 
end 
 
% Allows for reduction in number data points in the x-direction by calling 
% ReduceX function 
YorNreduceX = input('Reduce the number of heat flux arrows plotted in the r-direction? 
(Yes = 1, No = 0) '); 
if YorNreduceX > 0 
    [xgrad, gradTx, gradTy] = ReduceX(xgrad, gradTx, gradTy); 
else 
    disp('Full heat flux data set will be displayed in the r-direction?') 
end 
 
% Allows for reduction in number data points in the x-direction by calling 
% ReduceX function 
YorNreduceX = input('Reduce the number of heat flux arrows plotted in the z-direction? 
(Yes = 1, No = 0) '); 
if YorNreduceX > 0 
    [ygrad, gradTx, gradTy] = ReduceY(ygrad, gradTx, gradTy); 
else 







Function for Decreasing the Resolution of Heat Flux Arrows Plotted in the X (or R) 
Coordinate Direction (ReduceX.m) 
 
function [xgradshort, MatrixXshort, MatrixYshort] = ReduceX(xgrad, MatrixX, 
MatrixY) 
 % Decrease the # of heat flux data points in the x-direction 
% Created: 6/1/11 
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xgradshort = []; % Reduced x-position vector 
MatrixXshort = []; % Reduced Qx matrix  
MatrixYshort = []; % Reduced Qy matrix 
count = int16(1); % Initialize counter 
 
deltagradold = xgrad(2) - xgrad(1);  
fprintf('The current data spacing is %d', deltagradold); 
deltagradnew = input('\nThe new data spacing will be '); 
slope = deltagradnew / deltagradold; 
 
if xgrad > -0.0001 & xgrad < 0.0001 
    intercept = 0; 
else 
    intercept = 1; 
end 
 
for m = int16(1:length(xgrad)) 
    if m == intercept + slope * count; 
       count = count + 1; 
       xgradshort = [xgradshort (xgrad(m-1)+xgrad(m))/2]; 
       MatrixXshort = [MatrixXshort (MatrixX(:,m-1)+ MatrixX(:,m))/2]; 
       MatrixYshort = [MatrixYshort (MatrixY(:,m-1)+ MatrixY(:,m))/2]; 
    else  






Function for Decreasing the Resolution of Heat Flux Arrows Plotted in the Y (or Z) 
Coordinate Direction (ReduceY.m) 
 
function [ygradshort, MatrixXshort, MatrixYshort] = ReduceY(ygrad, MatrixX, 
MatrixY) 
% Decrease the # of heat flux data points in the x-direction 
% Created: 6/1/11 




ygradshort = []; % Reduced x-position vector 
MatrixXshort = []; % Reduced Qx matrix  
MatrixYshort = []; % Reduced Qy matrix 
count = int16(1); % Initialize counter 
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deltagradold = ygrad(2) - ygrad(1);  
fprintf('The current data spacing is %d', deltagradold); 
deltagradnew = input('\nThe new data spacing will be '); 
slope = deltagradnew / deltagradold; 
 
if ygrad > -0.0001 & ygrad < 0.0001 
    intercept = 0; 
else 
    intercept = 1; 
end 
 
for m = int16(1:length(ygrad)) 
    if m == intercept + slope * count; 
       count = count + 1; 
       ygradshort = [ygradshort (ygrad(m-1)+ygrad(m))/2]; 
       MatrixXshort = [MatrixXshort; (MatrixX(m-1,:)+ MatrixX(m,:))/2]; 
       MatrixYshort = [MatrixYshort; (MatrixY(m-1,:)+ MatrixY(m,:))/2]; 
    else  
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